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A B S T R A C T   

Surface modification via doping or functionalization is one of the most commonly applied approaches for 
addressing the innate limitations of TiO2 photocatalysts. Amongst numerous dopants, silver (Ag) has been 
regarded as an efficient strategy to retard electron holes recombination due to the formation of the Schottky 
barrier on the TiO2 interface and extending absorption to the visible region. This review primarily focuses on 
discussing and evaluating the recent progress in the modification of Ag/TiO2 via co-doping with non-metals and 
transition metals, as well as the synthesis strategies that have been applied in engineering the materials. The 
effects of doping and co-doping on the induced chemical and physical properties, photocatalytic performance, 
stability, and recyclability aspects have also been highlighted. This review also examines the potential 
improvement of Ag/TiO2 through the addition of green materials such as plant-based materials (cellulose-derived 
composites, chitosan, alginate), ceramic materials (clay, kaolin bentonite), and also ionic liquid green solvent. 
Recommendations for further research opportunities, limitations, and challenges have also been suggested.   

1. Introduction 

Nanostructured semiconductors have been regarded as promising 
materials for environmental remediation due to their high photo-
catalytic oxidation property when it is activated under ultraviolet (UV) 
radiation which accounts for only 5% of the solar spectrum. Although 
physical methods (e.g. adsorption), biological methods, chemical pre-
cipitation, and membrane filtration have all been applied for wastewater 
treatment, they pose various limitations such as membrane fouling, high 
cost, high energy consumption, production of secondary wastes, mass 
transfer limitations, and long treatment time [1,2]. As a result, alter-
native techniques need to be applied to overcome the limitations of 
conventional methods. From that point of view, 
semiconductor-mediated photocatalysis would be a feasible approach as 
it is highly efficient at degrading and mineralizing organic pollutants in 
wastewater to less toxic products such as CO2 and H2O. The photo-
catalysis technique has received considerable attention for the 

elimination of pollutants compared to other advanced oxidation pro-
cesses (AOPs) such as Fenton, chemical oxidation, ozonation, and 
sonolysis due to its numerous advantages. The photocatalytic oxidation 
process can be initiated at normal pressure and temperature by highly 
reactive oxidative species, particularly hydroxyl radicals [3,4]. Amongst 
various semiconductors applied for environmental remediation, tita-
nium dioxide, TiO2 is regarded as an important photocatalyst due to its 
excellent activity under the UV spectrum which makes it an efficient 
photocatalyst since its oxidation state may change without experiencing 
decomposition [5]. Other unique properties of TiO2 nanomaterial which 
have contributed to its wide application in pollutants remediation 
include low cost, high refractive index, and high chemical and photo-
stability [6]. 

Although many studies have applied TiO2 photocatalysis in waste-
water treatment, the shortcomings of TiO2 such as stability, solar en-
ergy, visible light utilization, recovery, and recyclability remain 
inevitable and demand great attention. As means to improve the 
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photocatalytic performance of TiO2 photocatalyst, dye sensitization [7], 
supports, magnetic separation [8,9], and surface modification through 
doping with non-metals, metals, and transition metals and coupling with 
other semiconductors [10,11] have been applied. TiO2 
ternary/quaternary-based composites [12,13] and hybrid materials [14] 
are also making a major trend primarily to achieve higher photonic ef-
ficiency by synergistically fine-tuning properties like physical, chemical, 
and electronic. 

Metal oxide/semiconductor coupling and TiO2 modification via 
heterojunction have been constantly explored to improve the photo-
catalytic activity of TiO2-based materials. In the metal oxide/semi-
conductor coupling, combinations of semiconductors such as TiO2, ZnO, 
CdS, SnO2, CuO, V2O5, WO3, MoO3, and Fe2O3 with transition metal 
oxides managed to produce systems with improved photocatalytic ac-
tivity [15]. For instance, Ag/ZnO/AgO/TiO2 photocatalyst synthesized 
via chemical precipitation and hydrothermal method showed 99.3% of 
rhodamine B degradation at 100 min under UV–vis light irradiation 
because of the coexistence of Ag, AgO, TiO2, and ZnO [16]. One po-
tential strategy to overcome low quantum yield or ensure efficient 
separation or transfer of photogenerated e−/h+ pairs of photocatalysis is 
via the construction of heterojunctions with other semiconductors, 
metal nanoparticles, and carbon-based nanostructures [17]. Appro-
priate band gap and band edge alignment are critical because the rela-
tive energy level at the interface junction determines charge separation 
direction and transportation [18]. Monazzam et al. [19] reported that 
highly efficient Ag/Co/TiO2 heterojunction supported multi-walled 
carbon nanotubes on heterojunction was successfully fabricated via 
the sol-gel method and demonstrated 60.0% removal of 2,4-dichloro-
phenol under visible light irradiation even after 3 cycles of photo-
catalytic treatment owing to the presence of cobalt dopant that 
promoted the separation of photogenerated carriers and extended the 
absorption range of TiO2 to the visible region. Typically, the interface 
configuration of two sections of two different semiconductor materials 
with differing band gaps is known as a heterojunction [4]. Conventional 
heterojunctions (Type I, Type II and Type III) and new generation het-
erojunctions (e.g. p-n, Z-scheme, surface and semiconductor/carbon) 
are the two main categories of heterojunctions. 

TiO2 surface modification via doping has been commonly explored. 
Existing literature that covers the surface modification of TiO2 doped 
with cations includes rare earth metals [11,20,21], noble metals [22, 
23], and transition metals [24,25]. In addition, previous reviews have 
also successfully scrutinized TiO2 surface doping approaches namely 
with metals, non-metals, and co-doping [26,27]. Metallic ions-doped 
TiO2 typically experience a widening light absorption range, which in-
creases the redox potential of the photogenerated radicals, and enhances 
the quantum efficiency by inhibiting the recombination of the photo-
generated electrons and holes on the conduction and valence bands, 
respectively [28]. Examples of metallic ions that have been doped with 
TiO2 include palladium (Pd) [29–31], cerium (Ce) [32–34], copper (Cu) 
[35–37], cobalt (Co) [38–40], iron (Fe) [41–43] and gold (Au) [44–46]. 

Besides those aforementioned, silver (Ag) has been commonly used 
as TiO2 doping agent since 1984 based on Scopus search [47–49]. Ag has 
emerged as a promising dopant candidate due to its advantages in 
improving the physicochemical properties of TiO2 for numerous appli-
cations like air purification, water purification, antibacterial, and 
self-cleaning [50–52]. Ag is a noble metal that exhibits a plasmonic ef-
fect as well as increased conductivity. For example, a study by Sar-
avanan et al. [53] revealed distinctly high photocatalytic hydrogen 
production of 2880 μmol/h/gcat and 910 μmol/h/gcat under both UV and 
simulated solar light, respectively using Ag-doped TiO2 owing to its 
enhanced physicochemical properties over undoped TiO2. Doping of Ag 
on TiO2 produced a narrower bandgap (2.77 eV vs 3.1 eV for anatase), 
smaller total surface area (77 m2/g vs 239 m2/g), and Ag surface plas-
mon resonance (SPR) which increased the materials’ ability to harvest 
visible light. A recent review by Chakhtouna et al. [54] summarized the 
progress made thus far on Ag-doped TiO2 based photocatalysts for 

antibacterial and photocatalytic removal. A search performed on Web of 
Science (WoS) showed a steady increase in studies related to Ag-doped 
TiO2 while Ag-doped TiO2 and green support have been getting more 
attention among researchers, particularly in the recent 5 years (Fig. 1). 

Despite the extensive research on Ag ion doping on TiO2, which 
improves the visible light absorption properties of the material, there are 
still several limitations in maximizing the full potential of Ag-doped 
TiO2 to remediate water pollutants. One of the major issues of Ag- 
doped TiO2 (Ag/TiO2) photocatalyst is associated with the loss of pho-
toactivity during recycling and long-term storage [55] and also the 
leaching of Ag [56,57]. To resolve these issues, supporting Ag/TiO2 on 
high surface area supports particularly green materials can be regarded 
as an excellent option [58,59]. 

As far as green materials are concerned, plant-based materials such 
as cellulose, chitosan, alginate, and ceramic-based support such as clay, 
kaolin, and bentonite aid in the stability and recyclability of Ag/TiO2 
photocatalyst [60–65]. These materials are efficient since they are 
biodegradable, and their addition allows the formation of a recyclable 
photocatalyst. Also, existing research studies have shown that the 
addition of ionic liquids (ILs) as the template solvent medium can have a 
significant impact on the activity, crystallinity as well morphology of the 
photocatalyst particles [66]. The stability of Ag-based photocatalysts 
can be improved through the addition of IL [67]. For example, Moha-
ghegh et al. [66] observed improved stability of TiO2 hybrid composite 
with Ag2CO3 in the presence of IL during the degradation of acid blue 92 
dye. 

In this review, the recent progress made in the modifications of Ag/ 
TiO2 via doping and co-doping has been summarized by highlighting 
their characteristics, recyclability, and photocatalytic performance. 
Synthesis methods applied for the preparation of co-doped Ag/TiO2- 
based materials have been also compared and reported in this review. In 
addition, emphasis has been given to establishing the application of 
green materials as support or modifier (e.g. alginate, cellulose, and clay) 
and IL for the fabrication of Ag/TiO2-based photocatalysts. To the best of 
our knowledge, a review of Ag/TiO2 supported green materials have yet 
to be established. The conclusions that can be derived from the studies 
discussed and future prospectives or insights for future work have been 
presented at the end of this article. 

2. Heterogeneous photocatalysis mechanism 

The mechanistic pathways of TiO2 photocatalysis have been eluci-
dated in various related literature [3,4,54]. Fig. 2 illustrates the mech-
anism of TiO2 photocatalysis. When TiO2 is irradiated with UV light 
(wavelength ≤ 388 nm), electrons are excited across the bandgap (3.2 
eV anatase or 3.0 eV rutile crystalline phases) into the conduction band 
(CB), leaving electron holes in the valence band (VB) (Eq (1)). Two 
oxidation reactions take place as shown in Eq (2) and 3. Firstly, is the 
electron transfer from adsorbed substrate RX (Eq (2)), and secondly, is 
the electron transfer from adsorbed solvent molecules (H2O and HO−) 
(Eq (3)). The second reaction is much more important in oxidation 
processes as a result of the high concentration of H2O and HO−adsorbed 
on the surface of the TiO2. Hydroxyl radicals produced are the main 
oxidizing species that are responsible for the photooxidation of organic 
compounds into water and CO2 (Eq (4)).  
TiO2 + hν (λ ≤ 388 nm) → e−cB + h

+
vB                                              (1)  

TiO2(h+) + RXad → TiO2 + RXad 
•+ (2)  

TiO2(h+) + H2Oad → TiO2 + HO•
ads + H

+ (3)  
HO•

ads + Pollutant → CO2+ H2O                                                       (4)  
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3. Surface modification of TiO2: doping with metals and non- 
metals 

The recognized limitations of TiO2 include (i) activation only under 
UV irradiation with a wavelength lower than 387 nm because of its large 
bandgap (3.0 − 3.2 eV) [28], (ii) poor efficiency under solar light irra-
diation as it only absorbs a small fraction of solar light (less than 5% of 
solar energy is emitted as UV irradiation), (iii) undergo fast recombi-
nation of electrons and holes, (iv) experiences slow charge carrier 
transfer, and (iv) high recycling cost [68,69]. Surface modifications of 
TiO2 via doping with metals and non-metals and coupling TiO2 with 
other semiconductors such as ZnO, SnO2, CeO2, and ZnO [70–72] are 
performed to conquer these intrinsic issues. 

Doping involves the introduction of impurities into a conventional 
photocatalyst to change its electrical and optical properties as well as the 
structure of the photocatalyst [73]. It alters the degree of structural 

metastability and the activation energy in fine crystalline materials by 
affecting the number and surface site distribution for nucleation as well 
as its rate of coarsening [74]. In addition, doping results in a bath-
ochromic shift such as a decrease of band gap or induction of intra-band 
gap states which allow greater absorption under visible light irradiation 
[11]. 

3.1. Defect engineering of TiO2 

Defects in crystals are prevalent in material science, and this phe-
nomenon is increasingly common as solid materials approach the 
nanoscale range. Defects are typically regarded as an unfavorable aspect 
of crystals, and their presence in crystals is generally associated with the 
disruption of periodic atomic arrangements in the lattice, causing both 
the geometrical and electronic structures of crystals to be impacted and 
disordered [75]. 

Fig. 1. WoS search (a) Keywords: Ag+doped TiO2; (b) Ag+TiO2+green support.  
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However, advances in characterization techniques have enabled and 
allowed for a deeper knowledge and understanding of the photocatalysis 
process and revealed the amazing benefits of defects in various catalysis 
materials and this opens up new possibilities for modifying the catalytic 
properties of photocatalysts such as in photocatalytic water splitting and 
reduction of CO2 into fuels. 

Zero-dimensional point defects, such as vacancy and impurity, are 
the most basic type of defects. In metal oxides such as TiO2, ZnO, and 
MoO3, vacancy is the most widely investigated defect [76–78]. By 
removing lattice oxygen atoms, oxygen vacancies are created, which 
usually result in the formation of coordinately unsaturated (CUS) metal 
atoms and the accumulation of surplus electrons [79,80]. The CUS metal 
locations are either electron-rich or have a lower valence state than 
anticipated. On the other hand, cation vacancies such as Ti can also be 
produced in the lattice. This defect chemistry has been proven to be a 
useful tool for designing functional properties of TiO2 such as electronic 
structure, charge transport, and surface properties [81,82]. For example, 
Wang et al. [83] has synthesized black TiO2 nanotubes with improved 
separation and transmission efficiency of photo-generated charge car-
riers by synergistic catalytic of NiS and Pt. 

In addition to the vacancies induced by defects, impurities are 
frequently generated by doping foreign atoms such as transition metal, 
non-metal and noble metal. The doped atoms are inserted into the ma-
terial lattice either interstitially or substitutionally, resulting in elec-
tronic structure modulation. Several extensive reviews have detailed 
how lattice defects can boost the conductivity, carrier concentration, 
and bandgap structure, and even drive the transformation from semi-
conductor to metallicity [84]. 

3.2. Doping with metal 

Doping of TiO2 with metals usually involves three types of metals 
namely transition metal, noble metal, and rare earth metal. The addition 
of transition metals into TiO2 photocatalyst improves its responses, re-
duces the recombination rate of photogenerated electron-hole pair, and 
decreases its bandgap. The changes in the bandgap efficiency cause 

overlapping of the conduction band because Ti (3d) with transition 
metals d levels produces a redshift on the band edge of TiO2. TiO2 
photocatalyst doped with transition metals diminishes the band hole 
energy through the development of another conductive level between 
the valence band and conduction band [85]. 

Transition metals such as Cr, Cu, Fe, Mn, Zn, V, W, Co, and Ru have 
been reported to greatly affect TiO2 properties such as bandgap energy, 
surface area, thermal properties, and particle size which have a direct 
effect on the photocatalytic performance of the arising material [86,87]. 
For instance, a study reported the influence of Cr, V, and Co with TiO2 
catalyst synthesized via sol-gel method at different concentrations sup-
pressed the crystallinity of TiO2 and caused phase transition from 
anatase to rutile phase [88]. The concentration of transition metal 
dopant concentration also has a direct influence on the properties of 
materials [11]. 

Doping of TiO2 with noble metals such as Au, Pt, Ag, and Pd has 
greatly improved the photocatalytic performance of TiO2 both under UV 
irradiation and visible light. The increase in absorption towards the 
visible light region is associated with Ag-doped into TiO2 where the 
localized SPR effect of Ag nanoparticles promotes the absorption of Ag/ 
TiO2 in the visible region [89]. For example, Ag/TiO2 with 2.7 wt% of 
Ag demonstrated 98.5% of Orange II Dye degradation under UV irra-
diation after 2 h as compared to undoped TiO2 producing only 87.5% of 
degradation after a prolonged 4 h of irradiation [90]. Rare earth metals 
which consist of 17 elements including yttrium (Y), scandium (Sc), and 
15 lanthanoids elements are another type of metals that can be poten-
tially doped with TiO2 [11]. The incomplete 4f and empty 5d orbitals in 
these rare earth metals allow its incorporation into the TiO2 photo-
catalyst [21]. The degradation of commonly used textile dyes Reactive 
Blue 21 and Acid Red 114 using rare earth metal Pr3+ and Ce4+-doped 
TiO2 showed almost complete degradation for both dyes [20]. 

Although metals greatly improve the photocatalytic performance of 
TiO2 limitations on the usage of metals as dopant persists. For example, 
it was reported that the addition of transition metal in the anatase phase 
of TiO2 contributes to the thermal instability of the photocatalyst [11] as 
well as the low light capability and low quantum efficiency [91]. Doping 

Fig. 2. Schematic illustration of the mechanism of TiO2 photocatalysis.  
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with rare earth materials which lead to the formation of rare earth metal 
-O-Ti bonds on the surface of the photocatalyst causes inhibition of the 
nanocrystalline size growth [92,93]. Furthermore, rare earth 
metal-doped TiO2 is very expensive but it has great potential in the 
degradation of organic persistent compounds [11]. 

3.3. Doping with non-metal 

Doping with non-metallic elements introduces non-metal elements 
into the crystal lattice of the catalyst where they react with the oxygen 
atom and changes the electron cloud density of the oxygen atom 
[94–96]. As a result, the atomic energy level splitting of the oxygen atom 
changes and causes an intermediate band gap in the band gap of the 
catalyst [97]. The intermediate bandgap narrows the band gap of the 
catalyst and contributes to a wider range of light wavelengths for ab-
sorption [98–100]. Non-metallic elements that are mostly used as dop-
ants to improve the performance of TiO2 photocatalyst include nitrogen 
(N), carbon (C), sulfur (S), chlorine, (Cl), and fluorine, (F) [11]. 

Amongst these non-metals, N is the most promising non-metal 
dopant because of its stability and size of the atom which is compara-
ble to oxygen in TiO2 [101–104]. N dopant behaves as a center where 
the photogenerated electrons are trapped and reduces recombination 
rates of photogenerated species like the electrons and holes [105]. 
Doping of N into the lattice of TiO2 causes the construction of a mid-gap 
energy flat near the valence band and results in a decreased TiO2 
bandgap to 2.5 eV, allowing TiO2 to become a visible light active cata-
lyst [26]. A study by Selvaraj et al. [106] indicated that the UV–vis 
reflectance spectra of N doped TiO2 catalyst showed strong absorption in 
the visible range indicating a redshift in the bandgap transition from 
3.23 eV to 2.89 eV. Another study demonstrated an improved photo-
degradation rate of phenol (69.3% within 120 min) as a result of N 
doping which has not only restrained the transformation of TiO2 from 
anatase to brookite but also showed reduced average crystal size (8 nm 
to 6 nm) and reduced optical band gap (3.1 eV to 1.95 eV) [107]. 

Besides N, C has also been widely used as a dopant in heterogeneous 
photocatalysis [108,109]. C doped TiO2 possessed better charge trans-
fer, reduced charge recombination, and larger electron storage capacity 
[109]. The incorporation of C into the lattice of TiO2 substitutes lattice O 
or Ti atom and forms Ti-C or C–O-Ti bond, resulting in a hybrid orbital 
above the valence band of TiO2 and allowing absorption in the visible 
light region [110]. C-doped TiO2 nanorods prepared via hydrothermal 
method showed that C-TiO2 degraded 90.2% of MB within 10 min under 
visible light irradiation in contrast to undoped P25 TiO2, which was only 
6.4% of degradation after 40 min [111]. 

In addition, S-doped TiO2 also showed improved efficiency owing to 
the good thermal stability of S dopant. S also reduces the bandgap of 
TiO2 by changing the crystal and electronic structure of TiO2 [26]. When 
thiourea or sulfate was used as S dopant sources [112,113], S6+ as a 
cation in the substitution of Ti4+ was reported to be chemically favor-
able because of its different ionic radius, which formed new states into 
the conduction band of TiO2 from S-3 s states just exceeding the valence 
states of O-2p [112]. In cationic substituted S-doped TiO2, S acted as 
electron capturing species, enhanced electrical conductivity of TiO2 and 
improved the electron-hole pairs transfer, and also resulted in a greater 
photocatalytic performance under visible light irradiation [26,114]. 

Despite studies demonstrating the positive effects of non-metals on 
TiO2, issues about non-metals as dopant candidates are inevitable. For 
example, N-doped TiO2 photocatalyst has been reported to aggregate 
and crystallize upon annealing at 500 ◦C, causing a larger size and a 
lower number of active sites [115]. Non-metal doped into the lattice of 
TiO2 formed oxygen vacancies in the bulk, contributing to greater 
recombination centres of photo-induced electron-hole pairs [116]. 
Table 1 provides a summary of the advantages and disadvantages of 
both metals and non-metal dopants based on the studies reviewed. 

4. Silver as a dopant of TiO2 

The suitable dopant for TiO2 varies and all metals and non-metals 
have their advantages and disadvantages as aforementioned. As can 
be seen in Fig. 1, many studies have been conducted and reported on Ag- 
doped with TiO2. Therefore, it is important to highlight the advantages 
of doping Ag with TiO2 semiconductors and to understand the mecha-
nisms involved during the photodegradation of pollutants. As compared 
to other metals, silver (Ag) is the most stable, low-cost, nontoxic, and 
shows the highest thermal and electrical conductivity [117]. Other 
noble metals such as Pt, Pd, Rh, and Au are considered more expensive 
to be generally used in industries as compared to Ag [118]. Ag has also 
shown good catalytic activities, large surface area, excellent conduc-
tivity, and stability [119] which allow it to provide highly effective and 
selective organic reactions [120]. Due to its characteristics such as low 
contact resistance or excellent electron conductivity, it is used as an 
electron moderator in the Z-scheme photocatalyst structure [25]. Ag 
nanoparticles may also act as both an electron mediator and a photo-
sensitizer, which then allowed the generation of stable electron-hole 
pairs using low-energy photons [121]. 

Doping of Ag nanoparticles with TiO2 is known to be one of the 
successful approaches used to reduce the recombination of the electron- 
hole pairs and extend the light absorption range of TiO2 photocatalyst 
toward visible light [122,123]. The presence of Ag improves the pho-
tocatalytic activities by two distinct features. Firstly, to act as an electron 
trap and capture electrons transferred from the conduction band of TiO2 
semiconductor and transfer these electrons to oxygen, converting them 
into superoxide radicals. Photogenerated holes in the valence band 
remaining on the TiO2 react with water molecules and help in the 
forming of hydroxyl radicals which are then effectively used for pol-
lutants photocatalytic oxidation and bacteria [124]. Secondly, it induces 
an SPR effect that extends the light absorption to the visible light region 
and improves TiO2 photocatalytic efficiency simultaneously [125,126]. 

Similarly, several studies have also shown that Ag-doped TiO2 im-
proves its efficiency in three main ways, (1) modification of TiO2 
morphology to give rise to higher affinity for dissolved oxygen [127, 
128], (2) reduction of recombination of charge carriers [129,130] and 
(3) plasmonic effect-electron injection [131,132]. Since photocatalytic 
efficiency is heavily dependent on the formation of reactive oxygen 
species produced by photo-excited electrons of TiO2 and adsorbed O2, 
increasing the amount of O2 on the TiO2 surface will generate more 
oxygen species. Ag-doped TiO2 can improve its affinity for dissolved O2 
by providing it with a higher affinity of O2 and increasing its surface for 
adsorption of O2. Doping of Ag on TiO2 enhances TiO2’s capacity to 
attract O2 from the solution towards its surface [133]. Another study 
revealed increased O2 adsorption on Ag-doped TiO2 photocatalyst with 
increased concentration of Ag dopant (0.0 wt% to 3.0 wt%) [134]. As 

Table 1 
Advantages and disadvantages of dopants metals and non-metals.  

Types of 
Dopants 

Advantages Disadvantages Reference 

Metal  • Narrows bandgap  
• Prevents 

recombination of 
electron-hole  

• Improves adsorption 
of contaminant  

• Thermal instability  
• Dopant concentration 

dependent  
• Expensive  
• Toxic in nature 

[11,114, 
212] 

Non-metal  • Narrows band gap  
• Improves adsorption 

of contaminants  
• Enhances conductivity 

of TiO2  

• Expensive  
• Oxygen vacancies 

formation  
• Short term efficiency  
• High temperature 

needed for 
preparation  

• Difficult synthesis 
routes 

[26,105, 
107,212]  
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the concentration of O2 increases on the surface of the photocatalyst, a 
higher concentration of O2 and electrons will react, forming more •O2−

species to enhance the charge carrier separation [135]. 
Ag dopant improves TiO2 by forming the Schottky barrier at the Ag/ 

TiO2 interface [96]. One of the roles of Ag dopant is mediating electron 
transfer whereby its Fermi energy level influences the charge carrier 
separation at the interface between TiO2 and Ag dopant [136,137]. It 
has been reported that Ag nanoparticles with Fermi level (Ef) located 
around 0.4 V are good electron acceptors and traps electron efficiently 
under the irradiation of UV [138]. The Fermi level of Ag is located at an 
energy level below the conduction band of TiO2 (Fig. 2), the Schottky 
barrier formed on Ag/TiO2 junction leads to the downward bending of 
the TiO2 energy bands [135]. 

The formation of a Schottky barrier at the heterojunction caused an 
excess in negative charge in Ag and excess in positive charge on TiO2. 
The formation of an electron depletion layer between the opposite 
charges helps in maintaining the charge carrier separation. The negative 
charge on the noble metal particles is caused by the difference in the 
Fermi levels of Ag particles and TiO2 [135]. The gap in the Fermi level 
promotes electron transfer from material with a higher Fermi level to 
material with a lower Fermi level [139]. Photo-generated electrons can 
be trapped in Ag on the surface of TiO2 and facilitate electron transfer, 
hence reducing recombination of charge carriers [135]. Fig. 3 illustrates 
the mechanism of charge transfer in Ag-doped TiO2 photocatalyst for 
photocatalytic degradation. 

Recently, Basumatary et al. [140] reported a significant synergistic 
effect between SPR and metal oxide in the fabricated Ag/TiO2/WO3 
heterojunction photocatalyst which enhanced the visible light response 
of the material [140]. When light is irradiated on Ag, the electrons in Ag 
are excited due to its SPR. The electrons then move towards TiO2 and 
induce a reduction reaction. It is shown that Ag, due to its plasmonic 
structure and excellent charge transfer, allows TiO2 to be more effective 
in charge transfers. Consequently, Ag-doped TiO2 has a greater photo-
catalytic inducing region as compared to undoped TiO2 [141]. Fig. 4 
summarizes the characteristics of Ag and its benefits as a dopant. 

Various methods have been used as strategies for doping Ag into the 
lattice of TiO2 such as the sol-gel method [142], hydrothermal method 
[22,143], solvothermal method [144–146], photoreduction method 

[134,147-150], electrochemical method [90], electrospinning method 
[118,151], and wet impregnation method [152–154]. These methods 
are commonly applied in the synthesis of Ag/TiO2 due to several rea-
sons. For instance, the sol-gel method is eco-friendly, simple as it does 
not require complicated synthesis conditions or instruments, and known 
to be an inexpensive technique that can control the purity and homo-
geneity of the final product, growth, and size of the particles and the 
flexibility of adding high concentrations of doping agent [54]. Lenzi 
et al. [155] fabricated Ag-doped TiO2 via the sol-gel method and 
demonstrated high adsorption of mercury (II) and 67.0% of reduction 
under a mercury lamp owing to its porous structure as well as high 
dispersion of Ag (2 wt%) in the photocatalyst which act as electron-hole 
recombination centres. The addition of higher concentration Ag in 
sol-gel synthesis has also shown higher porous structures in Ag-doped 
TiO2 films [156]. The porous structure enhanced photocatalytic per-
formance on account of its large surface area [157]. Hence, morphology 
plays a distinctive function in photocatalytic performance [158,159]. 
Fig. 5 shows the synthesis of single and co-doped Ag/TiO2 using the 
sol-gel method. 

Meanwhile, nanocomposite prepared by hydrothermal method 
showed good crystalline phase, shape, and size [160,161]. The sol-
vothermal technique is almost similar to the hydrothermal method 
except for the solvent system used. The hydrothermal method uses water 
as a reaction system while the solvothermal method uses organic sol-
vents, which have a role in controlling the structure, morphology, 
crystallinity, and shape distribution of Ag-doped TiO2 photocatalyst 
[162]. It has been reported that the addition of reducing agent for the 
reduction of Ag+ ions to metallic Ag0 in the hydrothermal synthesis such 
as ascorbic acid and hydrazine formed striped structures while poly-
ethylene glycol and sodium borohydride formed spherical structures of 
Ag-doped TiO2 [22]. Hamed et al. [143] synthesized Ag-doped TiO2 by 
hydrothermal method at 150 ◦C and produced flowerlike rutile phase 
photocatalyst for the photocatalytic degradation of MB. It was revealed 
that the flowerlike morphology supplies a high number of active sites 
meanwhile the presence of rod petals in the structure also provides a 
direct pathway for the electron in overcoming the recombination be-
tween electron and hole in the photocatalytic mechanism. Literature has 
also shown scattering effect caused by flowerlike morphology aids in the 

Fig. 3. Schematic illustration of the mechanism of charge transfer in Ag-doped TiO2 photocatalyst.  
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Fig. 4. Characteristics of Ag and its main benefits as a dopant.  

Fig. 5. Schematic diagram of the synthesis of single doped and co-doped Ag/TiO2 photocatalyst via sol-gel method.  
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dispersion of photons via the rods and supplies energy for electron 
excitation in the conduction band [163]. Spherical shape morphology 
has also been observed by Shojaie et al. [164] in the hydrothermal 
synthesis of Ag/TiO2/Fe for the degradation of 4-chlorophenol. The 
photocatalyst achieved 97.12% photodegradation and its efficiency was 
maintained even after 5 cycles of operation. This is attributed to the 
presence of Fe3O4 whereby the magnetic core aids in the recovery of the 
photocatalyst by applying an external magnetic field [164]. Fig. 6 il-
lustrates the general method applied for the recyclability process of a 
photocatalyst after photocatalytic treatment. 

Zhou et al. [145] prepared Ag/TiO2 nanorods heterostructures via a 
one-pot solvothermal in-situ synthesis method that uses ethylene glycol 
as a solvent in the synthesis. The synthesis built a tight contact between 
the Ag nanorods’ core and TiO2 nanoflakes heterostructures and resul-
ted in the strong plasmonic resonance of Ag nanorods which contributed 
to enhanced degradation (98.2%) of methyl orange under visible light as 
compared to bare TiO2 [145]. Similarly, Wang et al. [152] also reported 
similar improvement of TiO2 in the fabrication of Ag/TiO2 nanofibers 
via the solvothermal method by using N, N-dimethylformamide (DMF) 
as solvent. The Ag+ in DMF solution reacts with the surface hydroxyl 
groups and oxygen of TiO2 nanofibers, resulting in the nucleation of Ag 
atoms through the homogeneous nucleation process on active growth 
sites provided by the TiO2 templates and the formation of high crys-
tallinity of Ag particles [152]. The study demonstrated maintained ef-
ficiency even after 3 cycles of photodegradation of Rhodamine B, owing 
to its crystallinity and resistance towards electron migration. Fig. 7 de-
picts the typical procedures involved in the hydrothermal and sol-
vothermal synthesis of co-doped Ag/TiO2. 

The wet impregnation method has also been commonly employed in 

the synthesis of Ag-doped TiO2 due to the formation of high crystallinity 
of photocatalyst [154]. Zhou et al. [154] successfully synthesized 
Ag/TiO2 via the wet impregnation method and showed nearly 80.0% of 
phenol degradation in 2 h under visible light owing to the formation of 
small Ag clusters confined in the channels of the mesoporous TiO2. 
Literature has reported that poor conductivity, numerous boundaries, 
and defects in the mesoporous TiO2 films resulted in reduced transfer 
efficiency of carriers and caused a decrease in photocatalytic efficiency 
[165]. Another study has also shown that highly stable Ag-doped TiO2 
was fabricated via the wet-impregnation method allowing Ag nano-
particles to homogeneously cover the surface of TiO2 nanopillars to form 
an efficient heterogeneous structure which exhibited nearly complete 
removal of 2,4-dichlorophenol under visible light and maintained effi-
ciency even after 10 cycles of treatment [166]. A brief wet impregnation 
synthesis procedure has been illustrated in Fig. 8 while Table 2 high-
lights some of the commonly used methods for the synthesis of Ag/TiO2 
single-doped and co-doped materials gathered from recent selected 
studies. 

4.1. Co-doping of Ag/TiO2 

As single element doping of TiO2 may limit its photocatalytic 
enhancement, the co-doping approach using more than two elements 
can be used to further enhance the properties of the resulting material 
[97]. For instance, the electronic, chemical, and magnetic properties of 
the photocatalyst can be effectively altered by doping with two or more 
metal ions [167]. Co-doping of TiO2 has improved photocatalytic ac-
tivity, especially in harvesting visible light as compared to undoped TiO2 
or single-ion doped TiO2 [135]. Co-doping with non-metal results in a 

Fig. 6. The schematic illustration of the recyclability process of Ag/TiO2 photocatalyst.  
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redshift in the visible region meanwhile co-doping with metal helps in 
transferring photogenerated charge carriers which then suppresses the 
recombination [168]. Co-catalyst provides dual advantages: they 
accelerate the migration of charge carriers by acting as electron trappers 
and promoting solar energy absorption [169]. The role of co-dopants is 
not only in narrowing the bandgap, but also contributes to the formation 
of different heterostructures such as forming different electronic struc-
tures with TiO2 [170]. Studies have shown that co-doping of TiO2 ren-
ders synergistic effects which can further enhance the photocatalytic 
properties of TiO2 [97,171]. In addition, choosing compatible 
co-dopants and the synthesis methods in introducing the dopant are 
crucial as it affects the doping level [170]. 

4.1.1. Co-doping of Ag/TiO2 with non-metals 
Co-doping technique with double metal or double non-metal dopants 

or double metal/non-metal dopants has been greatly scrutinized in 
research methods due to its synergic effects in improving the visible light 
absorption efficiency of photocatalysts [172]. Among the effects is 
restraining the recombination rate of photo-induced carriers [173]. For 
instance, photocatalysts doped with sulfur, S showed a decrease in the 
bandgap of the photocatalyst and doping S with TiO2 resulted in an 
optical absorption redshift in the composite. A study reported the 
preparation of Ag-S co-doped TiO2 via the sol-gel method where the 
addition of S into the system substitutes oxygen and occupies the 

interstitial sites of TiO2 (Table 2). The study showed a reduction in 
crystallite size from 19 nm to 11 nm and bandgap energy of 3.08 eV to 
2.89 eV for pure and co-doped TiO2 as well as enhanced photocatalytic 
activity in the degradation of methylene blue under visible light irra-
diation for co-doped TiO2 as compared to undoped TiO2 [171]. 

Synergistic effects could be observed in the co-doped Ag/TiO2 system 
in terms of properties and photo efficiency. Devi et al. [174] showed that 
Ag/TiO2/S improved photocatalytic activity under UV and solar light 
illumination due to the synergistic effect of S dopant, bidentately co-
ordinated surface sulfate sites and Ag particles deposited on TiO2 sur-
face. Excitation of electrons from the valence band to the S6+ dopant 
energy level occurred and there are three different ways in which the 
electrons could be trapped: (1) surface modified SO42−, (2) Ag particles 
or (3) surface adsorbed oxygen molecule [175]. The life span of pho-
togenerated electrons increases due to the synergistic effect, and as a 
result, the electron-hole recombination reduces [174]. The formation of 
the Schottky junction due to Ag on TiSO2 photocatalyst contributes to an 
internal electric field close to the TiO2 interface [176]. The presence of 
an internal electric field forces electrons and holes to move in different 
directions, hence reducing the recombination rates [177]. Fig. 9 illus-
trates the degradation of congo red dye by the photocatalysts in UV light 
irradiation and solar light illumination. 

Another study reported a higher degradation of phenol (92%) by Ag/ 
TiO2–N synthesized via photoreduction method than single doped TiO2 

Fig. 7. Schematic illustration of the synthesis of single doped and co-doped Ag/TiO2 photocatalyst via hydrothermal and solvothermal method.  
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(46% - 59%) and undoped TiO2 (38%) due to the excited electrons being 
trapped in the oxygen vacancies created by N dopant while the holes are 
trapped by the N dopant level [178]. Furthermore, an easier pathway for 
the movement of the holes was created as the 2p states of O and N are 
mixed up [178]. Electrochemically deposited Ag nanoparticles on 
undoped TiO2 and TiO2/N showed improved photocatalytic properties 
under UV and visible light irradiation for the degradation of orange II 
dye [179]. It was reported that 0.5% of Ag and N improves the absor-
bance value and generates shifting of the tail band to the visible domain 
and the improved photocatalytic activity is attributed to the electron 
acceptor role of Ag and more holes transported on the surface of TiO2 
[179]. Likewise, the study also revealed significant utilization of visible 
light in the degradation of phenol when Ag/N was co-doped on TiO2 
with the existence of multiple oxygen vacancies [180]. Since the Fermi 
levels of Ag and N are lower than TiO2, the photoexcited electrons are 
transferred from the conduction band to dopant particles on the surface 
of TiO2 as the photogenerated valence band holes remain in TiO2, thus 
resulting in reduced electron-hole recombination and increased photo-
catalytic reactions [179]. The co-doping of different percentages of Ag 
and N on the photocatalytic properties of titania nanostructures was also 
investigated and it was found that 2% of N and 5% of Ag calcined at 
400 ◦C showed better photocatalytic properties as compared to other 
samples [181]. 

TiO2 modified with Ag-F nanosheets with exposed (001) facets were 
prepared via a solvothermal process using different concentrations of 
AgNO3 and HF solution for the photocatalytic degradation of MB solu-
tion. The study showed that the addition of HF in Ag/TiO2 greatly 
improved the photocatalytic activities and resulted in higher degrada-
tion of methylene blue as compared to TiO2 and Ag/TiO2 alone [182]. A 
strong interaction between Ag and the unsaturated atoms on TiO2 im-
proves the light response in the UV light region and resulted in higher 
efficiency in the degradation. Furthermore, the TiO2 surface with F 
atoms influenced the surface charge separation and transfer [183]. Due 
to the high electronegativity of F atoms, a part of the photoelectron is 
transmitted from O to F via the O-Ti-F links, and the substitution of F 
atoms on the -OH groups on the TiO2 surface inhibited the formation of 

the inactive surface of OH radicals and promoted the production of 
active free OH radicals, therefore enhancing the photocatalytic activity 
[182]. 

4.1.2. Co-doping of Ag/TiO2 with transition metals 
The photoresponse of Ag/TiO2 in the visible region can be improved 

by co-doping with transition metals. Doping with suitable transition 
metals such as Fe, Fe, Cr, Sn, Pt, and V can overcome one of the limi-
tations of TiO2 such as the high electron-hole recombination rate [164]. 
V, Zn, Mn, Ni, Cr, Co, and Fe were among the transition metals inves-
tigated as dopants to improve the properties of Ag/TiO2. Transition 
metals ions like Pd2+, Cu2+, Cr3+, V5+, Fe3+, and Ni2+ change the 
electronic structure of TiO2 by adding a donor and/or acceptor level in 
the bandgap, causing photons with lower energy to excite a photo-
catalyst and thus enhancing the photocatalytic activities under visible 
light [184]. Furthermore, significantly smaller band gaps and improved 
photocatalytic efficiencies are observed in TiO2 doped with transition 
metal ions [185]. Some of the transition metal oxides such as Cu2O are 
known as promising and nontoxic p-type semiconductors in solar energy 
conversion applications [186]. The conduction band and the valence 
band of Cu2O are more negative than TiO2, therefore the formation of 
Cu2O-TiO2 heterojunction results in photoexcited electrons transfer 
from CB of Cu2O to TiO2 [187]. The synergistic effect of the favorable 
energy level between Cu2O–Cu-TiO2 heterojunction enhances its pho-
toelectrochemical properties [187]. 

Amongst various candidates, Ce appears to be one of the favorite 
choices as a co-dopant with Ag/TiO2 due to its oxidation–reduction 
properties as a result of its readily loss, gain, and storage of surface 
oxygen [188]. The primary use of Ce in catalysis is driven by its readi-
ness to form oxygen gaps due to the surface reduction [189]. Ce3+ or 
Ce4+ allows the formation of cerium oxides such as CeO2 or Ce2O3 and 
their electronic structures [Ce3+ (4f1 5d0) and Ce4+ (4f0 5d0)] are the 
contributing factors towards strong catalytic and optical properties 
[188]. Enhanced optical properties of TiO2 in the visible region were 
observed in a study where TiO2 was co-doped with Ce and Mn for the 
degradation of diclofenac [190]. The presence of Ce and Mn as 

Fig. 8. Schematic illustration of the synthesis of single doped and co-doped Ag/TiO2 photocatalyst via wet impregnation method.  
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Table 2 
Commonly used methods for the synthesis of Ag/TiO2 single-doped and co-doped from recent selected studies.  

Methods Doping Precursors Characteristics of Products Pollutant Photocatalytic 
performance 

Efficiency/ 
Regeneration 
(cycles) 

Ref. 
Crystal 
structure 
(XRD), 
crystallite 
size 

Morphology (SEM/FESEM) XPS, TEM, EDX 

Hydrothermal Single Titanium (IV) butoxide (Ti 
(OBu)4), silver nitrate (AgNO3) 

Rutile, 33.00 
nm to 86.00 
nm 

Flower-like structure 
containing a bundle of rods 

Concentration of Ti3+ and 
Ti2+> Ti4+, 
fine rods’ sizes range from 
7 nm to 10 nm, unable to 
detect the presence of Ag 

Methylene blue 75.00% within 5 h 
under Xenon lamp 

N/A [143] 

TiO2 (99.8%), 
Ag powder (99.8%) 

Anatase, 
17.59 nm - 
19.24 nm 

Spherical particles bonded 
together with sponge-like 
structure, visible white clusters 
(Ag particles) 

N/A Methylene blue 97.00% in 60 min 
under visible light 

N/A [213] 

Titanium (IV) isopropoxide Ti 
[OCH(CH3)2]4, AgNO3 

Anatase, N/A Striped and spherical structure N/A, 20–40 nm, N/A Indigo blue 75.00% after 150 min 
under UV light 

N/A [22] 

Co- 
doping 
(Fe) 

Titanium tetrabutoxide, 
CH3COOAg, iron (III) nitrate (Fe 
(NO3)3•9H2O  

Anatase, 5.32 
nm-15.49 nm 

Sphere-like shape N/A, N/A,2.16 wt% of Ag, 
0.21 wt% of Fe, 51.36 wt% 
of Ti, 46.27 wt% O 

4-Chlorophenol 97.12% after 165 min 
under UV irradiation 

94% after 165 min 
under UV 
irradiation/5 

[164] 

Photoreduction Single Tetrabutyl titanate (Ti(OC4H9)4, 
AgNO3 

Anatase, N/A Irregular block structure Ag0 and Ti4+ detected, N/ 
A, N/A 

Tetrabromobisphenol 
A 

100.00% in 10 min 
under UV–vis light, 
20–27% in 2 h under 
visible light 

~85% in 10 min 
under UV–Vis light/ 
3 

[148] 

TiO2 nanotubes, 
AgNO3 

Anatase, N/A Ag uniformly dispersed on TiO2 
nanotubes surface  

Ti3+, Ti4+, O2−, O−, Ag0, 
Ag+, Ag2+ detected, N/A, 
N/A 

Methylene blue, 
methyl orange 

81.20% (methylene 
blue) 75.8% (methyl 
orange) in 150 min 
under sunlight 

N/A [150] 

Co- 
doping 
(C) 

Tetrabutyl titanate, AgNO3, 
Glucose (C6H12O6)  

Mixture of 
anatase and 
brookite, 
5.83 nm 

Uniform black spots could also 
be seen, indicating that Ag 
exists uniformly. 

Ag0 detected Methylene blue 97.82% in 180 min 
under visible light 

94.20% in 180 min 
under visible light/4 

[97] 

Electrochemical Single TiO2 nanopowder of 99.5%, 
99.999% purity Ag plates  

Anatase, 15.6 
nm 

Spherical shape and exhibit a 
slight degree of agglomeration  

Ag0 and Ti4+ detected, N/ 
A, N/A 

Orange II dye 98.50% after 2 h under 
UV irradiation 

N/A [90] 

TiO2 nanotube arrays, Ag 
nanoparticles 

Anatase, 13.5 
nm 

Ag nanoparticles distributed 
uniformly in the inner 
structure of TiO2 nanotube 
arrays 

Ag0 and Ag+ detected, N/ 
A, N/A 

Methyl orange 70.00% after 2.5 h 
under Xenon lamp 

~64.00% after 2.5 h 
under Xenon lamp/3 

[214] 

Electrospinning Single Titanium tetraisopropoxide (Ti 
(OiPr)4), diamminesilver(I), Ag 
(NH3)2+

Anatase, N/A Continuous fibrous structures N/A Rhodamine B 99.00% after 2 h under 
Xenon lamp 

N/A [118] 

Titanium isopropoxide, AgNO3 Anatase, N/A Increased roughness on the 
outer surfaces of nanofibers as 
the concentration of Ag 
increases  

N/A Methylene blue 90.50% under UV light N/A [215] 

Co- 
doping 
(F) 

TiO2, AgNO3, 
Poly(vinylidene 
difluoride), PVDF 

Mixture of 
anatase and 
rutile, N/A 

Pristine PVDF membrane & 
TiO2/PVDF has round 
structures and did not contain 
any ribbon or spider web 
features, TiO2 and AgNO3 have 
a ribbon-like structure  

Ag0 detected, N/A, N/A Methylene blue 92.30% in 210 min 
under UV light 

N/A [216] 

(continued on next page) 
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Table 2 (continued ) 
Methods Doping Precursors Characteristics of Products Pollutant Photocatalytic 

performance 
Efficiency/ 
Regeneration 
(cycles) 

Ref. 
Crystal 
structure 
(XRD), 
crystallite 
size 

Morphology (SEM/FESEM) XPS, TEM, EDX 

Solvothermal Single Tetrabutyl titanate (97%), 
AgNO3  

Anatase, N/A TiO2 nanoflakes, Ag nanorods Ag0 and Ti4+ detected, 
0.20 nm, presence of Ag, Ti 
and O detected  

Methyl orange 98.20% after 50 min 
under visible light 
irradiation  

~98.20%/5 [145] 

Tetraisopropyl titanate, AgNO3 Anatase, NA Spherical, rough, and covered 
with bulges or nanoplates  

Ag0 and Ti4+ detected, N/ 
A, 3.02 atomic% of Ag, 
26.51 atomic% of Ti, 70.47 
atomic% of O  

Methyl orange N/A N/A [146] 

Tetrabutyl titanate (TBT), 
AgNO3 

Anatase, N/A Ag encapsulated on TiO2 
nanofibers  

Ag0 and Ti4+ detected, N/ 
A, N/A  

Rhodamine B 100.00% degradation 
after 140 min under 
UV–vis irradiation 

~100.00%/3 [152] 

TiO2, AgNO3 Anatase, N/A Regularly arranged tubular 
structure, Ag nanoparticles are 
visible on the top as well as 
inside the tubes 

N/A Methyl orange 89.10% within 70 min 
under UV light 
irradiation and 73.20% 
after 140 min under 
visible light 

83.10%~/5 under 
UV light 

[217] 

Co- 
doping 
(F) 

Tetrabutyl titanate (TBT), 
AgNO3, hydrogen fluoride, HF  

Anatase, N/A  Truncated octahedral shapes Ag0 detected, N/A Methylene blue Almost complete 
degradation in 75 min 
under UV irradiation 

N/A [182] 

Sol-gel Single  Titanium tetra n-butoxide Ti 
(C4H9O)4, AgNO3  

Anatase and 
brookite, 16 
nm 

Spherical shape N/A, 11 nm, N/A Methylene blue 100% degradation in 
35 min under UV light 

N/A [218] 

Single  Titanium (IV) 
isopropoxide, (Ti[OCH(CH3)2]4)  

Anatase and 
brookite, 
N/A 

Porous structure Ag0 detected, N/A, N/A Mercury (II) 67% reduction of Hg2+

to Hg0 in 180 min under 
UV irradiation 

N/A [155] 

Single Titanium tetra isopropoxide 
(TTIP), silver acetate  

Anatase, 
~9 nm  

Dense agglomerates of 
spherical nanoparticles 

Ag0, Ti3+ and Ti4+
detected, 4 nm - 6 nm, N/A  

Methyl orange 98.9% within 60 min 
under UV, and 99.3% 
within 80 min under 
solar irradiation 

~99.3%/3 under 
solar irradiation 

[53] 

Co- 
doping 
(C) 

Tetrabutyl titanate (TBT), 
AgNO3, Activated carbon 
nanotubes (CNT) 

Anatase, N/A  Silver-nanoparticles deposited 
onto the surface of CNT 
uniformly  

Ag0 and Ti4+ detected, N/ 
A, N/A 

Methylene blue 80.80% under visible 
light in 3 h and 99.20% 
under UV light in 40 
min 

Slight decrease in 
efficiency/5 

[219] 

Co- 
doping 
(S) 

Titanium tetra isopropoxide, 
AgNO3, Thiourea (CH4N2S) 

Anatase, 11.9 
nm  

Primary NPs relatively 
uniformed in size and 
approximately spherical and 
many pores were formed with 
their agglomeration  

N/A, N/A, 
36.35 atomic% of Ti, 57.67 
atomic% of O, 4.44 atomic 
% of Ag and 
2.53 atomic% of S 

Methylene blue ~100% degradation 
under visible light 

~90% under visible 
light/5 

[171] 

Co- 
doping 
(Cu)  

Titanium butoxide, AgNO3 Anatase, 
19.32 nm 

Spherical particles Ag+, Cu2+ and Ti4+
detected, 39 nm – 60 nm 

Methylene blue 43.95% under visible 
light and 59.64% under 
UV light  

N/A [208] 

Co- 
doping 
(Nb)  

Titanium butoxide, AgNO3, 
Niobium chloride 

Mixture of 
anatase and 
rutile, 3.1 nm  

Regular nanoparticle shape 
and uniform particle size  

Ag0, Ti3+, Nb5+ detected, 
29 nm to 46 nm, 
O content 27.28% 

Methylene blue 95.6% in 2 h under 
visible light 

N/A [220] 

Titanium isopropoxide, AgNO3, 
cobalt (II) chloride hexahydrate 

Rutile, 
18.193 nm 

N/A, N/A, 
39.03 wt% of Ti, 49.25 wt 

2,4-dichlorophenol 60.00% in 180 min 
under visible light 

[19] 

(continued on next page) 
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Table 2 (continued ) 
Methods Doping Precursors Characteristics of Products Pollutant Photocatalytic 

performance 
Efficiency/ 
Regeneration 
(cycles) 

Ref. 
Crystal 
structure 
(XRD), 
crystallite 
size 

Morphology (SEM/FESEM) XPS, TEM, EDX 

Co- 
doping 
(Co) 

(CoCl2•6H2O)  Light agglomeration of the 
samples  

% of O, 1.60 wt% of Co, 
5.34 wt% of C, 3.44 wt% of 
Ag, and 1.34 wt% of Cl 

~60.00% in 180 
min under visible 
light/3 

Wet 
impregnation 

Single Tetrabutyl titanate, AgNO3 Anatase, N/A Ag nanoparticles dispersed 
uniformly on the surface of 
TiO2 nanopillars  

N/A, 300.00 – 400.00 nm 
in diameter and 1.00–3.00 
μm, N/A 

2,4-dichlorophenol Nearly 100.00% within 
2 h under visible light 

~100.00% within 2 
h under visible 
light/10 

[166] 

Mesoporous TiO2, AgNO3 Anatase, N/A Ag uniformly dispersed on 
highly crystalline pore walls of 
mesoporous TiO2 

Ag0 detected, N/A, N/A Phenol Nearly 80.00% in 2 h 
under visible light 

~80.00% in 2 h 
under visible light/5 

[154] 

Co- 
doping 
(Fe) 

Tetraisopropylorthotitanat (TIP), 
AgNO3, Fe3O4 

Anatase, 5.93 
nm 

TiO2 nanoparticles attach to 
multi-walled carbon nanotubes 
surface and exhibit the 
decoration surface of TiO2 and 
MWCNTs by metallic silver 
nanoparticles  

N/A, N/A, 10.63 wt% of C, 
60.52 wt% of Ti, 20.39 wt 
% of O, 6.67 wt% of Fe and 
1.79 wt% of Ag 

2,4-dichlorophenol 75% after 180 min 
irradiation under 
visible light 

~75% after 180 min 
irradiation under 
visible light/4  

[221] 

Photoinduced 
deposition 

Co- 
doping 
(S) 

TiCl4, AgNO3, 
H2SO4 

Anatase, 
21.79 nm 

Particles appear to be highly 
spherical 

S6+, Ti4+, Ag0 detected, 
38.53 nm, 53.31 atomic% 
of O, 46.33 atomic% of Ti, 
0.19 atomic% of S, and 
0.18% atomic% of Ag 

Congo red 78.00% under UV light 
and 80.00% under solar 
light 

78.00% (±0–2%) 
under UV light and 
80.00% (±0–2%) 
under solar light/3 

[174] 

*N/A – Not available. 
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co-dopants in TiO2 photocatalyst led to 94% of diclofenac degradation 
after 240 min. 

Mesoporous TiO2 was co-doped with Ag and Ce via two different 
methods [co-impregnation (Co-IMP) and co-deposition precipitation 
with urea (Co-DPU)] and investigated for the degradation of ibuprofen 
under visible light irradiation. The degradation rate of Ce-Ag/TiO2 (Co- 
IMP) was 65.5% while Ce-Ag/TiO2 (Co-DPU) produced 85.0% degra-
dation after 4 h of irradiation which both were higher than that of Ag/ 
TiO2 and Ce/TiO2 [188]. The synergistic effects of Ce and Ag on mes-
oporous TiO2 were able to significantly reduce the TiO2 band gap which 
improve the visible light absorption [188]. A similar finding was also 
observed in the synthesis of Tin, Sn-doped CeO2 with Ag nanoparticles. 
The photocatalytic properties of the nanocomposite were also improved 
due to a decrease in the bandgap energy as a result of the localized 
surface plasmon resonance (LSPR) effect from Ag [191]. 

Lanthanide elements such as La have been employed as co-dopants as 
well, and it produces complexes with coordination bonding between the 
f orbitals and lone electron pairs of various Lewis bases [192]. The study 
decorated TiO2 nanoparticles with La and Ag elements for the degra-
dation of MO under visible light. Results showed that the addition of La 
element adheres to degradation products to the surface of TiO2/La 
nanoparticles and the presence of Ag transfers the photogenerated 
electrons on the surface, which efficiently separates the photogenerated 
electrons and carries the photocatalyst. 

Besides that, niobium, Nb was also reported to greatly improve the 
Lewis acidity of the nanocomposite’s surface and the O–H group 
attached to the catalyst becomes more polarised, this, in turn, increased 
the adsorption of cationic dye and improves photocatalytic degradation 
[193,194]. Similar to Wang et al. [192], Ag/TiO2/Nb2O5 prepared by 
Goswami et al. [195] also showed that electron-rich silver nanocluster, 
TiO2, and niobium oxide forms a ternary junction, and due to the 
presence of ternary junction, which strongly electron-hole pair recom-
bination. Therefore, it ascertains that the addition of Ag and Nb2O5 helps 
in the degradation as Ag/TiO2/Nb2O5 exhibited nearly complete 
degradation of malachite green [195]. 

Co metal is one of the most promising transition metal co-dopants in 
the case of Ag/TiO2 [19]. Co2+ doping can shift the light absorption of 
anatase TiO2 to the visible range, enhancing photocatalytic activities in 
both the UV as well as visible regions [196]. The photonic efficiency of 
rutile-type TiO2 is improved by co-doping with Co and Ag, decorated on 
multi-walled carbon nanotubes (C) which make electron transfer easier 
(Fig. 10a), act as electron reservoirs, and decrease charge carriers 
recombination [19]. The Ag/Co-TiO2/C nanocomposite was synthesized 
using the sol-gel technique and its efficiency was observed by the 

degradation of 2,4-dichlorophenol (2,4-DCP) solution under visible 
light. It was observed from (a) that Ag/Co/TiO2/C photocatalysts 
possessed a higher surface area in comparison to compared with 
Co/TiO2/C and this is attributed to the presence of Ag on Ag/Co/-
TiO2/C. The undoped TiO2 and Ag/Co-TiO2/C photocatalyst resulted in 
27% and 60% degradation of 2,4-DCP, respectively after 180 min under 
visible light irradiation (Fig.10b), in which the improved performance of 
Ag/Co-TiO2/C photocatalyst was attributed to the effect of the SPR of 
Ag/AgCl, and the presence of Co and C which increases the photonic 
efficiency and change surface properties to reach sensitivity to visible 
light [19]. 

Besides Co and Ce, Fe3+ can be also easily incorporated onto TiO2 
crystal lattice and results in a decrease in the recombination of photo-
electrons [197–199]. Shojaie et al. [164] fabricated Fe-TiO2-Ag nano-
composite via the ultrasonic-assisted hydrothermal method and 
successfully removed 97.12% of 4-chlorophenol 4-CP under UV irradi-
ation and its performance remained consistent up to 5 cycles with an 
efficiency of 94% owing to the presence of Fe3O4 in the photocatalyst. 
Ahamad et al. [200] fabricated chitosan-based magnetic nanocomposite 
for tetracycline adsorption and observed the highest adsorption capacity 
of 215.31 mg/g and 203.41 mg/g of adsorption capacity after 6 cycles. 
Similarly, the presence of Fe3O4 promotes excellent adsorption of the 
nanocomposite with its superparamagnetic properties that help in the 
separation and recovering the adsorbent using an external magnet. 
Literature has shown separation or recovery of adsorbent from aqueous 
solution is a crucial aspect and it is usually expensive and requires time 
[201]. By using Fe3O4, lower separation cost and shorter time of 
recovering the adsorbent can be obtained as Fe3O4 can be removed 
easily by using an external magnetic field. 

Besides that, Shojaie et al. [164] also showed that doping of Fe and 
Ag decreases the crystal size of TiO2 (Degussa P25). Similar findings 
were observed by other literature, whereby the growth of grains is 
restrained during the hydrothermal treatment [202]. Sun et al. [12] 
prepared a heterogeneous structure of Ag/Fe2O3 and synthesized 
Ag/TiO2/Fe2O3 via mild hydrolysis hydrothermal method for the 
degradation of various dyes. The study showed that the photocatalytic 
activity of Ag/TiO2/Fe2O3 is greater than pure TiO2 and Ag/Fe2O3. 
Literature has reported that the addition of Ag or Fe2O3 into TiO2 
enhanced the separation and transfer of photoinduced carriers [203, 
204]. In light of the high mineralization degree of dyes and good sta-
bility of the composite during a long-term photocatalytic process, it is 
proven that Ag/TiO2/Fe2O3 is a promising photocatalyst in practical 
applications [12]. Fig. 11 shows the synthesis process of introducing Fe 
into the Ag-doped photocatalyst system. 

Fig. 9. C/C0 versus time plot for the photocatalytic degradation of congo red dye under (a) UV light irradiation and (b) solar light illumination using TiO2, Ag/TiO2, 
Ag/TiO0.85S0.15O2 and TiO0.85S0.15O2 [174]. 
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Fig. 10. (a) SEM images of (i) TiO2, (ii) Co/TiO2, (iii) Co/TiO2/C and (iv) Ag/Co/TiO2/C; (b) photodegradation of 2,4-DCP under visible light using all evaluated 
photocatalysts [19]. 
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Literature has also shown that the coupling of TiO2 with CuO which 
has a lower bandgap contributed to improved photocatalytic activity 
[205,206]. The benefits of combining these two compounds include 
greater optical and photocatalytic properties as compared to single 
oxide [207]. Ahmadi and Kaleji [208] synthesized the mesoporous 
structure of TiO2/CuO composite doped with Ag for the degradation of 
methylene blue. The addition of CuO to TiO2 reduced the bandgap en-
ergy (3.39 eV to 3.30 eV) and the SPR effect of Cu particles enhance the 
optical absorption and excites more electron-hole [187]. In addition, it 
was found that doping of Ag caused the particle size to become finer and 
increasing the calcination temperature from 550 ◦C to 650 ◦C also 
resulted in increased surface area (52.1 m2/g to 35.5 m2/g) of TiO2/-
CuO/Ag, TCA. The highest degradation under visible light was 43.95% 
by TCA-550 ◦C and 59.64% under UV light using samples calcined at 
650 ◦C [208]. Behnajady and Eskandarloo [209] also reported similar 
findings, where the photocatalytic activity of the Ag/TiO2/Cu catalyst 
calcined at 550 ◦C reached a maximum value. As the calcination tem-
perature increased from 350 ◦C to 550 ◦C, the crystallite size increased 
from 11 nm to 20 nm. It was reported that the stability of the anatase 
phase increased upon co-doping of Ag and Cu to TiO2 as co-doping 
suppressed the anatase transformation to rutile phase [209]. 

Hernández-Gordillo and González [71] fabricated Ag/TiO2/Cu with 
96.0% of anatase phase even after annealing for 4 h at 600 ◦C, indicating 
that presence of Cu2+ ions delayed the growth process. The synthesized 
Ag/TiO2/Cu showed irregular shape and agglomeration of TiO2 
(Fig. 12a) and the presence of Ag nanoparticles on the surface of TiO2 
crystallite has been confirmed by the TEM image (Fig. 12b). Similar to 
the previous findings, the specific surface area of the Ag/TiO2/Cu 
annealed at 400 ◦C was reported to decrease from 97.83 m2/g and to 
31.44 m2/g at 600 ◦C, resulting in the highest intrinsic kinetic value (F) 
in the degradation of 4-nitrophenol under UV light irradiation [210]. 
The photoreduction of 4-nitrophenol by TiO2 alone, TiO2/Cu-400 ◦C and 
Ag/TiO2/Cu-400 ◦C is illustrated in Fig. 12c and the comparison rate of 
4-nitrophenol for all the evaluated photocatalysts can be observed in 
Fig. 12d. In addition, it was also revealed that Ag/TiO2/Cu showed 
reduced crystallite size (14 nm to 46 nm) when the composite was 
annealed at 400 ◦C and 600 ◦C, indicating that annealing temperature 

affects the crystallite size of the composite. The previous finding has also 
shown that increasing Cu dopant in Ag-doped TiO2–Cu0 resulted in a 
decrease in crystallite size and lattice [211]. 

5. Modification of Ag-doped TiO2 with green materials 

Challenges of Ag/TiO2 photocatalyst include difficulties in separa-
tion after undergoing treatment, issues with leaching or releasing out 
the particle in continuous flow systems, low stability where it can be 
easily oxidized, and aggregation, especially at high concentrations 
[222]. Incomplete recovery of TiO2 nanoparticles from reaction solution 
may contribute to secondary pollution. The difficulties in retrieving the 
photocatalyst after photocatalysis could be associated with the 
non-uniformity of the pore, low surface area, and formation of colloidal 
suspension with water [212,223]. Thus far, this problem has been 
tackled through the addition of supporting matrices such as activated 
carbon, glass, zeolites, silica, and polymers [212,224,225]. 

However, green materials may be a better option owing to their 
copious and sustainable source in nature and can be a renewable 
chemical source to substitute petroleum-based materials [226,227]. 
Green materials can be utilized in the fabrication of Ag/TiO2-based 
nanomaterials by sustainable pathways. The term “green chemistry” was 
introduced in 1991 to eliminate or decrease the usage of hazardous 
substances with the ultimate aim to reduce the negative impact on the 
environment and humans [228]. The advantages of utilizing green 
chemistry included reduced/prevention of the formation of unnecessary 
wastes as most of the solvents used can be recycled, lower hazard 
chemical reactions, degradable reaction products, and are 
non-persisting in the environment [228]. 

Natural materials have properties such as low polar surface, large 
surface area, and high adsorption capacity for non-polar organic pol-
lutants, making them viable candidates for TiO2 support [229]. Various 
green materials such as biomass, biopolymers, plants, animals, and 
microorganisms have been investigated as support materials to improve 
the stability and recyclability of TiO2-based composites. There have 
been approaches to further improve the properties of Ag/TiO2 photo-
catalyst using green materials namely plant and ceramic based materials 

Fig. 11. Schematic illustration of the synthesis of Fe co-doped Ag/TiO2 photocatalyst.  
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and ILs. Green materials that can be introduced as a modifier for 
Ag/TiO2 photocatalyst are illustrated in Fig. 13. The commonly used 
plant-based materials for support include materials such as cellulose, 
derivatives of cellulose (e.g. cellulose acetate), chitosan, and alginate. 
Chitosan acts as a stabilizer and reductant in the preparation of Ag 
nanoparticles on the TiO2 surface [61]. 

Besides that, ceramic-based materials such as clay, kaolin, and 
bentonite have been also incorporated into Ag/TiO2 photocatalyst. Clay 
minerals that exist in nature such as alumina, silica, or ferrous materials 
have been known to be effective absorbents and oxidants in the appli-
cations of water purification [230,231]. There are many types of natural 
clays such as bentonite, kaolinite, and montmorillonite (MT) which have 
been explored among the naturally abundant adsorbents as an alterna-
tive for cheaper but functional adsorbents for the degradation of textile 
dyes from wastewater [57,232]. 

The clay materials act as support for TiO2 by providing high surface 
area, porosity, and increased surface active sites [233,234]. This pre-
vents TiO2 from agglomerating, which contributes to a higher percent-
age of reusability as it may be recovered from the treatment process 
[235]. The key role of MT behavior lies within the interlayer cations, 
where it can be easily exchangeable by other cationic molecules via 
electrostatic interaction or ion exchange [236]. As such, MT has been 
greatly utilized in the removal of cationic contaminants like trace metals 
from water and wastewater. Tailoring some modifications on MT helps 

in increasing its removal of anionic and non-ionic contaminants [237, 
238]. For instance, a study on the intercalation of Ag/TiO2 into or on the 
bentonite interlayers also showed a higher surface area and porosity of 
the composite which contributed to excellent biological as well as 
electrochemical properties [239]. However, studies on nanocomposites 
prepared via ceramic materials, polymer, and carbon are still considered 
at an early stage and require more studies for further investigation 
[240]. 

Besides plant-based and ceramic-based supports, ILs, known as 
“green solvents” have been used as a replacement for organic solvents 
because of their remarkable properties [241]. Green chemistry focuses 
on reducing the number of organic solvents and/or reagents that are 
toxic within the analysis procedure, to reduce the consumption of en-
ergy and wastes, and the reusability of the solvents [242,243]. Ac-
cording to Vekariya [244], the correlation between ILs and green 
chemistry is understandably linked to the solvent properties of ILs. Some 
of the properties of ILs include a good solvent for a wide range of 
inorganic and organic materials, can be highly polar due to the presence 
of poorly coordinating ions, immiscible with many organic solvents, and 
can provide a nonaqueous, polar alternative for two-phase systems 
[244]. 

ILs are made up of organic cations and strongly induced anions and 
their properties are manifested through the synergistic effect of the 
anions and cations [245]. The properties of ILs include high polarity and 

Fig. 12. (a) SEM image of Ag/TiO2/Cu/−400 ◦C photocatalyst and (b) TEM image of Ag/TiO2/Cu/−400 ◦C photocatalyst (c) C/C0 versus time plot for the 
photoreduction of 4-nitrophenol and (d) comparison with: (i) TiO2; (ii) TiO2/Cu-400 ◦C; and (iii) Ag/TiO2/Cu/−400 ◦C photocatalyst [210]. 
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thermal stability, high chemical stability and have been greatly used as a 
solvent, template, and additive [246]. Other excellent properties of ILs 
includes nonvolatility, thermo-oxidative stability, high ionic conduc-
tivity, a wide range of electrochemical window, miscible with organic 
compounds, and does not react with air and water [247]. The properties 
of ILs can be altered and the alterations in the structure of ILs may 
change the polar and dispersive interactions of ILs [248]. These in-
teractions that also exist between IL and TiO2, influence the surface 
structure of TiO2 and result in the change of TiO2 photoreactivity [249]. 
The addition of ILs on Ag/TiO2 also increases the surface area of the 
photocatalyst and enhances the photocatalytic degradation of pollutants 
[250] as well as improves its stability and reusability [251]. Table 3 
summarizes the applications of some support materials with Ag/TiO2. 

5.1. Addition of plant-based supports 

5.1.1. Cellulose-derivatives 
Cellulose is a linear polysaccharide with inimitable properties such 

as biodegradability, chemical stability, high mechanical strength, and 
has a huge amount of chemical derivations which has drawn much 
attention [265]. One of the derivatives, cellulose acetate, CA is a 

biopolymer with excellent biocompatibility, ability to biodegrade, high 
mechanical strength, hydrophilic, and excellent moisture management 
properties which resulted in its wide applications in biomedical fields 
such as tissue engineering and antibacterial applications [255]. CA 
nanofibers embedded with Ag/TiO2 nanoparticles showed excellent 
growth inhibition of Escherichia coli (E. coli) and Staphylococcus aureus 
(S. aureus) demonstrating good antibacterial properties [62]. 

Lately, Yang and Luo [266] investigated the role of cellulose-derived 
carbon beads as a charge carrier for Ag/TiO2. The study pointed out that 
the hollow network structure of cellulose-derived carbon beads facili-
tated the immobilization and, contributed to the uniform distribution of 
Ag/TiO2 particles as well as provided more reactive sites [266]. The 
synthesized catalyst, Ag/TiO2/C showed stability and reusability up to 
five cycles during the degradation of ceftriaxone sodium under simu-
lated sunlight. The Ag/TiO2/C with Ag (0.5 mol%) doping yielded a 
much higher degradation efficiency (91.92%) of ceftriaxone sodium 
compared to pure TiO2 (54.56%) and TiO2/C (62.7%) after 270 min 
[266]. 

Similarly, a study on cellulose nanofibers (CNFs) fabricated with 
TiO2 and Ag for the degradation of methylene blue was also able to 
maintain its efficiency for up to 5 cycles under UV irradiation [267]. It 
was notable that TiO2/CNF showed reduced mechanical properties after 
irradiation as compared to TiO2–CNF/Ag. The presence of Ag nano-
clusters on the matrix allowed the diversion of electrons from the matrix 
and distribution of the electrons evenly on the MB surface, hence 
reducing the damage to CNF and extending its recyclability [267]. The 
Ag nanoclusters were formed on the film surface by UV photoreduction 
and this process might still be ongoing each time the films were irradi-
ated. The reduction process aided in preserving the CNF matrix and 
contributed to the extra mechanical strength of the photocatalyst [268, 
269]. 

Despite the lack of studies on the modification of Ag/TiO2 with 
cellulose acetate as support for pollutant degradation, studies on TiO2/ 
cellulose or TiO2/cellulose acetate alone showed promising properties. 
For instance, past studies showed that TiO2/microcrystalline cellulose 
activated under visible light actively degraded nearly 90% of methylene 
blue in 4 h [270]. Similarly, TiO2/cellulose composite films prepared by 
Zeng et al. [271] showed the regenerated cellulose films contributed to 
cavities and affinity for the creation and the immobilization of TiO2 
nanoparticles in the cellulose matrix through electrostatic and 

Fig. 13. Modifications of Ag/TiO2 composites using green materials.  

Table 3 
Applications of support materials with Ag/TiO2.  

Type of Support Applications 
Plant-based 

support 
Cellulose-derived carbon 
beads, Cellulose/cellulose 
acetate nanofibers/films/ 
papers/membranes 

Microbial [252], water disinfection  
[253], food packaging [254], tissue 
engineering [255], lithium ion 
battery separator [256] 

Chitosan films Antibacterial and wastewater 
treatment [60,63], wound dressing  
[257], food technology [258], 
antifouling and anti-algal material 
for marine water systems [259] 

Ceramic- 
based 
support 

Clay, Bentonite Pollutant removal [260,261] 
photomineralization of harmful 
volatile organic compounds [65], 
drinking water treatment [262], 
cotton fabric industry [263] 

Ionic liquids Modifiers [251], solvent templates 
and precursors for photocatalytic 
treatments [264]  
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hydrogen-bonding interactions. The study reported high degradation of 
phenol under weak UV irradiation and the composite films revealed 
remarkable photostability without a decline in the photocatalytic ac-
tivity after three cycles of degradation [271]. 

In addition, the first reported electrospun TiO2/cellulose acetate 
composite prepared by Gebru and Das [272] has a smooth morpholog-
ical structure with relatively high surface area and porosity and was 
applied for the removal of Pb (II) and Cu (II) ions in wastewater. The 
highest removal efficiencies of Pb (II) and Cu (II) ions obtained using 
TiO2/cellulose acetate with the highest specific surface area (48.47 
m2/g) were 99.7% and 98.9%, respectively [272]. The addition of TiO2 
nanoparticles improved the porosity of cellulose acetate adsorbent as 
the specific surface area without the addition of TiO2 was only 30.2 
m2/g whereas upon the addition of TiO2 it increased to 48.5 m2/g. 
Furthermore, introducing TiO2 within the adsorbent matrix forms a 
uniform network and it was also believed that the presence of TiO2 
produced spaces within the matrix by separating the cellulose acetate 
chains, which then contributed to better porosity of the adsorbent 
(Fig. 14b). 

As observed from the FTIR spectra (Fig. 14c), a broad peak at 3490 
cm−1 and 1750 cm−1 indicates the presence of surface hydroxyl 
stretching and vibrations of OH bonds on the surfaces of the TiO2 
nanoparticles [273]. The broadband observed at 3456 cm−1 in pure 
cellulose acetate is due to OH stretching as a result of strong hydrogen 
bond of intermolecular and intra-molecular kinds while the band of 
2900 cm−1 is a result of C–H stretching [274]. The formation of new 
broadband observed around 600–800 cm−1 is attributed to the presence 
of the Ti-O-Ti band [275]. The FTIR spectra indicate TiO2 nanoparticles 
have been successfully incorporated into the cellulose acetate matrix. 
Meanwhile, the adsorption efficiencies of Pb(II) and Cu(II) ions by 
TiO2/cellulose acetate adsorbent showed that the adsorbent could be 
repeatedly used as it did not show any significant decline in the 
adsorption efficiencies (Fig. 14d). This indicates that TiO2/cellulose 

acetate adsorbent possessed high elimination capacity of Pb(II) and Cu 
(II) ions. The addition of cellulose with TiO2 enhances the photo-
degradation of not only dye pollutants, but heavy metals as well. The 
application of cellulose in the preparation of material offers a versatile 
alternative and greener pathway in the fabrication of inexpensive but 
also highly efficient nanosorbents for the removal of heavy metals from 
water [276]. 

5.1.2. Chitosan 
The problems associated with the powder forms of TiO2 in its ap-

plications for water treatment such as difficulties in the recovery of the 
powder and aggregation can be controlled by combining TiO2 with 
polymers like chitosan [63]. Likewise, Ag nanoparticles also tend to 
aggregate due to their high surface energy and causing a reduction in 
catalytic efficiency, making them unsuitable for large-scale applications 
in heterogeneous catalysis [277]. Strong metal chelation capability 
formed during the immobilization of Ag on chitosan could control and 
address the separation and recovery issues associated with Ag [278]. 

Literature has shown that chitosan can be an effective biosorbent for 
the removal of Ag+ ions and other heavy metals from wastewater [278]. 
Chitosan is also known as a cationic biopolymer, which is also a 
deacetylated product of chitin [279,280]. It is a linear bio-based poly-
mer composed of D-glucosamine and N-acetylglucosamine consisting of 
functional groups such as amine and hydroxyl [63] which play a crucial 
role in chelation and adsorption [281]. 

A facile synthesis method was applied for the preparation of Ag 
nanoparticles on chitosan-TiO2 composites as recyclable nanocatalysts 
for the reduction of 4-nitrophenol, 4-NPh [282]. Ag NPs were assembled 
on the active imprinted sites of chitosan-TiO2 composite. Complete 
reduction of 4-NPh to 4-aminophenol, 4-APh by NaBH4 using 
Ag/TiO2-chitosan was achieved within 120 min under UV irradiation. 
One striking observation was in the absence of Ag in the catalyst, chi-
tosan/TiO2 did not reduce 4-NPh, contrary to complete reduction when 

Fig. 14. (a) FESEM image of pure electrospun cellulose acetate, (b) FESEM image of electrospun cellulose acetate, CA with TiO2 (2.5 wt%), (c) FTIR spectra of CA, 
TiO2 and TiO2/CA, (d) adsorption-desorption cycles of TiO2/CA on Pb (II) and Cu (II) ions [272]. 
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Ag was present in the catalyst. The incorporation of Ag nanoparticles 
into the composite system aids the movement of the electrons to the 
conduction band of TiO2 due to the excitation of the silver plasmon [63]. 
The Ag/TiO2-chitosan also remained stable when it was reused up to 5 
times [282]. 

The synergistic effect of the core-shell composite prepared using 
quartered chitosan (QCS) hollow microspheres for the growth of TiO2/N 
and Ag nanoparticles through electrostatic self-assembly and photo- 
deposition has been reported by Wang et al. [283]. The presence of 
C2–NH2, C3–OH, and C6–OH functional groups in chitosan allows it to 
participate in cross-linking with quaternary ammonium and provides a 
larger specific surface area for the next assembly of TiO2, and when TiO2 
is doped with N of the quartered chitosan, the Ag nanoparticles bridges 
between the complexes for charge transfer. The study revealed that 
under visible light irradiation, degradation of sodium dodecylbenzene 
sulfonate reached up to 96.4% within 180 min as a result of highly active 
sites and adsorption sites on the surface of the quartered chitosan, SPR, 
and photothermal effect of Ag and effective electron holes separation in 
N-TiO2 [283]. Geetha et al. [284] have also prepared Ag/TiO2 with 
chitosan and polyethylene glycol, PEG where both chitosan and PEG 
were employed as reducing agents for the degradation of methylene blue 
under sunlight. The hydroxyl groups present in the polymers acted as the 
coordination ligand to TiO2 ions for homogeneous dispersion of Ag+ ions 
with TiO2 and thus restraining the aggregation of Ag/TiO2 nano-
composites. In contrast with the previous findings, Geetha et al. [284] 
revealed that Ag/TiO2 photocatalyst showed higher degradation of 
methylene blue under sunlight irradiation as compared to Ag/TiO2 
stabilised with the polymers. 

Although previous studies have shown that the immobilizing Ag/ 
TiO2 on chitosan efficiently enhanced pollutants degradation, some re-
ports have also unveiled the drawbacks of using chitosan in the com-
posite system. For instance, chitosan experiences inadequate mechanical 
properties, drastic shrinking in its shape, deformation after drying, 
soluble in acidic conditions, compressibility at high operating pressure, 
shields and blocks UV irradiation with degradation of textiles and 
leather [285]. Despite its potential as a biosorbent, chitosan is chemi-
cally unstable due to its abundant free amines with a pKa value of 
approximately 6.5 which can be protonated culminating in hydro-
solubility under acidic conditions [286]. 

5.1.3. Alginate 
Alginate, Alg is a nontoxic and anionic compound that naturally 

exists in bacteria and brown algae [120]. It is a type of linear polymer 
consisting of 1–4 linked β-D-mannuronic acid (M) and α-L-guloronic acid 
(G) [287]. The abundance of hydroxyl and carboxyl groups in this 
macromolecule makes it suitably connected to other compounds as well 
[120]. As a result, alginate has been greatly employed in aerogel ap-
plications and it is inexpensive, renewable, and environmentally 
friendly. TiO2 nanoparticles are uniformly dispersed in an alginate 
matrix to produce a sodium alginate composite aerogel with underwater 
oleophobic and photocatalytic properties, with methyl orange UV light 
degradation reaching 97.6% after 150 min [288]. The study also re-
ported its photocatalytic efficiency under the intensive light irradiation 
remained even after it was reused 6 times, indicating good recyclability 
and stability [288]. A similar study was also conducted on alginate gel to 
remove phenanthrene, a type of polycyclic aromatic hydrocarbons, from 
an aqueous matrix by entrapping crude enzymes on alginate beads 
combined with TiO2/C/Ag coated fiberglass. The removal of phenan-
threne reported was as high as 94.3 ± 2.0%, in which the pollutant 
accumulated onto the surface of the alginate beads and coated fiberglass 
while Ag acted as an active reducing agent in the TiO2/C/Ag film [289]. 
Both the alginate gel and TiO2/C/Ag film were shown to be efficient in 
removing phenanthrene in the study. 

To the best of our knowledge, there is no report on Ag-doped TiO2 
with alginate alone for photocatalytic degradation. However, several 
studies immobilize Ag nanoparticles on alginate as a recoverable 

catalyst in the presence of magnetic nanoparticles. The synthesis of Ag 
on alginate magnetic halloysite combined with magnetic nanoparticles, 
Fe3O4 was applied for the reduction of nitro aromatic compound, 
nitrobenzene, into target amine derivatives [120]. The nanocatalyst 
showed good efficacy in reducing nitrobenzene to amine compounds in 
a short reaction time by using NaBH4 as a mild hydride donor. In 
addition, the nanocatalyst was able to be recycled up to six times 
without depletion of its catalytic activity, and the presence of Fe3O4 in 
the system also allows easy separation of the nanocatalyst from the re-
action mixture when an external magnetic field is applied [120]. 

A study by Hasan et al. [290] revealed that incorporating poly-
acrylonitrile, PAN along with Alg/Ag caused charge carriers to be 
generated and electron-hole pairs transportation as solar irradiation on 
the surface of PAN/Alg/Ag leads to excitation of SPR and contributed to 
higher photocatalytic activities as compared to PAN alone. In addition, 
XRD data revealed a reduced crystal size of Alg/Ag from 20 nm to 8 nm 
upon the polymerization of PAN, which formed a well-dispersed, 
semi-crystalline solid with adequate functional density. Furthermore, 
the synergistic adsorption properties of PAN and Alg/Ag whereby the 
copolymerization on the surface caused more charge density to SPR 
contributed to greater degradation of DNP molecules [291] as Ag helped 
in preventing the recombination of electron and hole pairs within the 
photocatalytic process [290]. 

5.2. Addition of ceramic-based support 

5.2.1. Clay 
There are various types of nanohybrid materials but among the most 

promising ones is known to be photocatalyst with the addition of clay 
because of the wide availability of natural clay minerals and its prop-
erties which allows the inclusion of different types of functional mole-
cules on the surface. The extraordinary physicochemical properties of 
clay included high surface reactivity, high adsorption capability, cation 
exchange capacity, swelling property, and biocompatibility [292,293]. 
The structure of clay minerals is made up of tetrahedral (T) silica sheet 
and an octahedral sheet of either (O) gibbsite (Al(OH)3) or brucite (Mg 
(OH)2) stacked upon each other [235]. Studies have found that the 
photocatalytic activity of TiO2 nanoparticles has been greatly improved 
with the inclusion of clays. This is due to the physiochemical properties 
of clays such as high surface area, good adsorption capability, porosity 
as well as the presence of active sites on TiO2/clay nanocomposites 
[294]. 

Abdel Karim et al. [236] fabricated CA-based membranes incorpo-
rated with α-aminophosphonate modified clay and Ag/TiO2 NPs to 
obtain a membrane with inherent hydrophilic and high flux. The addi-
tion of CA in the membrane induced the formation of the 
hydrogen-bonded network between CA and the α-aminophosphonate 
modified clay, which not only improves its mechanical stability but also 
its performance in terms of flux and trace metal removals [236]. The 
presence of C–P, P = O, and NH2 bonds in the modified clay plays a great 
advantage as literature [295] has shown that the C-P bond is very stable 
due to its high energy and conveys high hydrolytic as well as thermal 
stability properties while hydrophilic functional groups like P = O and 
NH2 improves the hydrophilicity and presence of Ag/TiO2 act as a bridge 
for creation of further active sites in the clay of the membrane [236]. 
Thus, improving the properties of the membrane for the removal of 
various classes of pollutants. 

Recently, Kaur et al. [261] fabricated Ag/Fe/TiO2 composite by 
combining fly ash (FA), foundry sand (FS), and clay on Ag-doped TiO2 
whereby this functionalized composite was able to initiate both 
photo-Fenton and photocatalysis effects under solar light for the 
degradation and mineralization of ciprofloxacin (CIP). FS and FA have 
been utilized to provide iron in inducing photo-Fenton for the degra-
dation of non-biodegradable pollutants [260] while natural bentonite 
clay is applied as inert support to increase the durability [296]. In this 
study, bentonite clay was used for binding purposes [261]. It was 
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reported that the degradation and durability were maintained even after 
30 cycles. A similar finding was also observed in TiO2 films synthesized 
on ceramisite substrates (a mixture of clay, coal gangue, and quicklime) 
for the degradation of hydroquinone and the removal under UV irradi-
ation which remained at about 84% after 40 cycles indicating the 
ceramisite substrate possessed good regeneration ability [297]. 

In the case of Ag/TiO2/bentonite composite, mixing of Ti and Ag 
precursors with bentonite first initiated the ion exchange process in a 
water medium (Na+ ions were replaced by Ag0, Ti4+ ions), then con-
version to intermediate Ag/Ti(OH)4 and finally conversion to Ag/TiO2 
via calcination (Eq (5)) [239]. The Ag/TiO2 intercalation process that 
took place within the layers of Na-bentonite was confirmed by various 
characterization analyses performed. Fig. 15 shows the schematic 
structure of Ag/TiO2 nanoparticles intercalation into bentonite clay. The 
surface area of Ag/TiO2/bentonite composite possessed a much larger 
surface area of 80 m2/g than that of the pristine bentonite with only 40 
m2/g indicating efficient transfer of electrons and ions. 

AgNO3 + Ti(OC3H7)4 + Na – bent clay  
+nH2O Ag/TiO2/bent + Na+NO3

−
+ (C3H7O)4

−
+ nH2O                       (5) 

The photocatalytic study was done on TiO2-coated Tunisian clay 
(TiO2-clay) prepared via the common impregnation method completely 
removed reactive blue 19 (RB 19) after 20 min [64]. The study showed 
that the specific surface area of TiO2 increased from 36.6 m2/g to 116.7 
m2/g with the addition of clay and the total pore volume increased from 
0.13 to 0.26 cm3/g, indicating the successful pillaring of TiO2 species 
onto the silicate layers of the clay and hence increased surface area 
greatly improves the photocatalytic activity of TiO2-clay [64]. 

5.2.2. Kaolin 
Clay materials such as kaolinite have recently shown great impor-

tance mostly because of their abundance, inexpensive, and can be ob-
tained easily. Metal ions have been added or eliminated via kaolinite 
clay through ion exchange and adsorption mechanisms respectively 
[298]. Kaolinite is made up of a two-layered structure that consists of 
silicon-oxygen tetrahedral sheet linked to alumina octahedral sheet 
through the hydrogen bonding of -Al-O-H–O-Si-, making it known as a 
1:1 dioctahedral clay mineral [232]. Kaolinite clays have abundant 
hydroxyl groups on the surface which allows them to be modified easily 
and also have the potential in anchoring TiO2 nanoparticles to improve 
their photocatalytic activities [299]. 

A study on the degradation of antibiotics using clays/TiO2 found that 
kaolinite nanoflakes with TiO2 degraded 98% after 60 min, owing to 
two-dimensional morphology, stronger surface absorptivity, greater 
loading efficiency, smaller particle size, and intimate interfacial contact 
[299]. In another study, kaolinite ceramic adsorbents in Ag/TiO2 were 

used for photodegradation and removal of Cu2+ and Co2+ from high 
concentration aqueous solution. The data from the study was fitted 
better by the Langmuir isotherm than by Freundlich models, and the 
study concluded that photocatalytic kaolinite clay adsorbents showed 
enhanced removal of Cu2+ and Co2+ ions from relatively high concen-
trated aqueous solutions [298]. 

5.2.3. Bentonite 
One of the impure montmorillonite (2:1 clay with two tetrahedral 

silica sheets and one octahedral gibbsite sheet) is bentonite which 
contains quartz, cristobalite, feldspar, pyrites, carbonates, mica, and 
illite exists naturally in the Earth’s crust [300]. TiO2-Ag/bentonite 
composite displayed high reactivity in both chlorobenzene and benzal-
dehyde degradation under visible and UV light because of its high 
exciton lifetime (2.60 ns) that successfully induced highly oxidative 
superoxide and hydroxyl radicals which improves photocatalytic activ-
ity [235]. The Fermi level position of Ag, which is near to conduction 
band of TiO2, increased the transfer of electrons between AgNPs and 
TiO2, contributing to the high exciton lifetime in Ag/TiO2/bentonite 
[235]. 

Bentonite was used as a support in Ag/TiO2/bentonite, in which Ag/ 
TiO2 was added to a bentonite suspension for the degradation of phenol 
[301]. The addition of bentonite to the system as support influenced the 
phase transformation of TiO2 and the distribution of Ag, as there were no 
peaks observed in the XRD pattern for the rutile phase and Ag (0) on 
Ag-TiO2/bentonite [301]. This observation showed that the material 
dispersion on bentonite support prevents the anatase-rutile phase 
transformation, leading to improved photocatalytic activity under solar 
radiation up to 31.14%. The significantly reduced TiO2 particle size also 
resulted in increased surface area and active centres for the photo-
catalyst to degrade the pollutant [239,301]. Compared to TiO2/-
bentonite, Ag/TiO2/bentonite exhibited higher photocatalytic activity 
under solar irradiation. The findings of this study corroborated with the 
one observed by Mishra et al. [65] for the mineralization of chloro-
benzene under UV irradiation. 

The TiO2/bentonite nanocomposite was found to be highly porous 
with a uniform pore size distribution, with a surface area of 97 m2/g and 
a pore volume of 0.3315 cm3/g, whereas the addition of Ag (3 wt%) 
reduced the surface area and pore volume to 69 m2/g and 0.2007 cm3/g, 
respectively. It was concluded that bentonite plays an important role in 
terms of stability, porosity and hydrophobicity, which allows it to be 
separable and improves the recyclability of the nanocomposite making it 
a promising photocatalyst for a larger scale of air or water treatment 
processes [65,239]. 

Fig. 15. Schematic illustration of the reaction mechanism of Ag/TiO2 nanoparticles and their intercalation processes into the bentonite clay [239].  
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5.3. Addition of ionic liquid 

The addition of IL in the synthesis of the photocatalysts affects the 
catalyst formation through electrostatic action, viscosity, steric hin-
drance, and amphiphilicity, altering the morphology and structure of 
the product [302–304]. The first study to demonstrate the stabilizing 
effect of room temperature ILs on metal particle size control on nano-
composite was done by Zhang and Chen [305] whereby a one- 
pot method was used to synthesize Ag/TiO2 nanocomposite powders. 
It was found that the IL, 1‑butyl‑3-methylimidazolium hexa-
fluorophosphate ([bmim]PF6) plays an indispensable role in controlling 
the cluster size of Ag and allowing good dispersion on the TiO2 surface, 
leading to its superior bactericidal [305]. Since then, many studies have 
been conducted and confirmed the capacity of ILs in controlling the 
properties of TiO2-based photocatalysts [306–308]. 

The fabrication of mesostructured CeO2-TiO2 nanoparticles via (1- 
hexadecane3-methylimidazolium bromide, [C16MIM]Br), an IL as a 
template for the hydrothermal synthesis produced nanoparticles with 
large specific surface area (198.3 m2/g) and uniform particle sizes (15 
± 5 nm) [309]. Likewise, Ag-doped SiO2-TiO2 aerogels synthesized 
using 1‑butyl‑3-methylimidazolium bromide, (Bmim)Br as a co-solvent 
and aging agent, also showed a high surface area of the materials (385.2 
m2/g), and microcrystalline anatase of 6.2 nm. Photocatalytic degra-
dation of 99.7% was achieved for the reactive blue solution and the 
study also revealed that increasing the concentration of Ag enhanced the 
photocatalytic abilities of aerogels [250]. 

Yoo et al. [209] prepared Ag/TiO2 using various ILs (1-Butyl-3-me-
thylimidazolium trifluoromethanesulfonate, [Bmim][CF3SO3], 1-Meth-
yl-3-octyl-imidazolium-hexafluorophosphate, [Omim][PF6], 1-Butyl-3- 
methylimidazolium hexafluorophosphate, [Bmim][PF6], 1-Methyl-3-oc-
tyl-imidazolium-tetrafluoroborate [Omim][BF4], 1-Hexyl-3-methyl-imi-
dazolium-hexafluorophosphate, [Hmim][PF6], 1-Butyl-3-methylimi 
dazolium tetrafluoroborate [Bmim][BF4], 1-Ethyl-3-methylimidazolium 
tetrafluoroborate, [Emim][BF4] and 1-Hexyl-3-methyl-imidazolium-te-
trafluoroborate, [Hmim][BF4]) as a support to improve its photo-
catalytic activity and the samples were examined by cyclic voltammetry 
to investigate the optimum sample in water electrolysis. It was revealed 
that the surface area of TiO2-IL/Ag (147 m2/g) samples was 3 times 
greater higher than that of Ag/TiO2 samples and Ag/TiO2 with BCF3-IL 
possessed flowerlike structure provided the highest electrocatalytic ac-
tivity as compared to Ag/TiO2 with BPF6-IL which has rough aggrega-
tion of spherical particles [264]. 

Similarly, Paszkiewicz et al. [303] have also studied the effect of 
ionic liquid structure (chain length in the imidazolium cation) and its 
concentration in the solvothermal synthesis of TiO2 particles. Unlike 
Yoo et al. [264], the study used only 2 types of ILs (1‑butyl‑3-methyli-
midazolium chloride [BMIM][Cl] and 1-decyl-3-methylimidazolium 
chloride [DMIM][Cl]) to investigate the effect of IL on the 
morphology and photoactivity of TiO2 particles. The highest photo-
catalytic degradation of phenol (85%) was achieved using TiO2 particles 
synthesized in the presence of [BMIM][Cl] while 84.2% degradation 
took place in the presence of [DMIM][Cl] [303]. 

Lin et al. [251] indicated that the highest Rhodamine B removal of 
72.97% was attained with Ag/TiO2 synthesized with 1‑butyl‑3-methy-
limidazolium chloride, (Bmim)Cl compared to TiO2, TiO2/(BMIM)Cl, 
Ag+/TiO2 which only resulted in 2.71%, 41.11%, and 49.11%, respec-
tively. The improved photocatalytic performance of Ag/TiO2(BMIM)Cl 
is associated with the formation of AgCl, which is known as a photo-
sensitive material [310]. In addition, it was reported that the addition of 
(BMIM)Cl contributed to high stability and recyclability of the photo-
catalyst as there was no significant loss of activity after 5 cycles of usage 
[251]. The stability of the photocatalyst is attributed to the addition of 
1‑butyl‑3-methylimidazole group as ligands, which is further supported 
by its high absolute value of Zeta potential (18.57 mV) in comparison to 
TiO2 (−11.41 mV) and Ag+/TiO2 (−6.60 mV) [251]. 

Mohaghegh et al. [66] synthesized TiO2 nanoparticles via sol-gel 

method using room temperature IL (RTIL), 2-hydroxylethylammonium 
formate as a template solvent and coupled with a visible light semi-
conductor photocatalyst, sensitive silver carbonate, Ag2CO3. The find-
ings from this study showed that pure TiO2 has only a rutile phase while 
the addition of IL resulted in the anatase phase. The increase in the 
anatase phase in TiO2-IL is attributed not only to the addition of IL but 
also to the presence of Ag2CO3 addition which retarded the trans-
formation of anatase to rutile phase. The study showed an average 
crystal size of 122 nm, 85 nm, and 50 nm for pure TiO2, TiO2/RTIL, and 
Ag2CO3/TiO2/RTIL, respectively. It is observed that the particle sizes 
reduced in TiO2/RTIL and Ag2CO3/TiO2/RTIL as compared to pure TiO2 
and Ag2CO3/TiO2/RTIL showed a much higher photodegradation rate of 
the pollutant as opposed to pure TiO2 (Fig. 16a-c). Due to its high po-
larity, RTIL has low interface tensions which contributed to a high 
nucleation rate and forms particles of a smaller size that aids in the 
formation of the anatase phase [66]. The addition of ionic liquid in-
creases the weight fraction of anatase in the TiO2 sample from 30.8% to 
42.2–60.5%, as a result, the photocatalyst has a higher specific surface 
area and contributed to higher photocatalytic activity (Fig. 16d-f) as 
compared to pure TiO2 [311]. 

Past studies have shown that ILs are good at mediating the formation 
of specific structures such as forming mesoporous structures, forming 
structures with high crystallinity and thermal stability as well as pro-
ducing particles with homogeneous size distribution [312]. However, 
some literature has also mentioned that ILs are considered green 
chemicals but certain types can be highly hazardous [313]. There are 
several issues pertaining to the application of ILs. For instance, the life 
cycle assessments of ILs showed that ILs are toxic and nonbiodegradable 
[312]. Furthermore, the chemicals and solvents involved in the prepa-
ration of ILs may also contribute negative impacts on human beings and 
the environment [314]. Therefore, these limitations should be taken into 
account when choosing and applying ILs in the preparation of TiO2--
based photocatalysts. Table 4 summarizes the effect of green supports on 
the performance of Ag/TiO2 photocatalysts. 

6. Conclusion and outlook 

TiO2 has been extensively studied as a promising photocatalyst in a 
variety of applications particularly photocatalytic-mediated processes 
for wastewater treatment. Despite their widespread utilization, TiO2 
nanoparticles suffer from a few major drawbacks which include ineffi-
cient exploitation of visible light, low adsorption capacity for hydro-
phobic contaminants, low quantum efficiency, aggregation, and 
difficulty to be recovered after water treatment. TiO2 surface modifi-
cation via doping (e.g. metal doping, non-metal doping, and co-doping) 
has been opted to enhance its absorption in visible light and overcome 
the aforementioned limitations. Various types of metals, non-metals, 
and co-dopants have been investigated as potential modifiers for TiO2. 
The outcomes in term of morphology and optical and electronic prop-
erties greatly varies with the type of dopant(s) applied in the modifi-
cation. Ag has been regarded as an excellent dopant of TiO2 
photocatalyst due to its striking advantages when compared to other 
noble metals. Studies have concluded that Ag-doped TiO2 successfully 
results in excellent charge transfer and the synergistic effect between 
SPR and metal oxides or heterojunctions enhances the resulting mate-
rials’ visible light responsiveness. Various synthetic methods such as sol- 
gel, hydrothermal, solvothermal, wet impregnation, and photoreduction 
have been applied for the preparation of Ag-doped TiO2 photocatalysts. 
The choice of methods dictates the photocatalytic performance and 
physicochemical properties (e.g. crystallinity, morphology, and surface 
area) of the engineered Ag-doped TiO2-based photocatalysts. However, 
one open question still exists is that there was no consensus on the most 
effective synthetic method for Ag-doped TiO2. Green materials namely 
plant and ceramic-based materials and ILs have been emerging as 
interesting candidates for the modification of Ag/TiO2 as they are sus-
tainable and renewable materials and reduce the unwanted release of 
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chemical wastes into the environment. Plant-based supports were more 
mechanically stable, while chitosan and alginate are both excellent 
biosorbents. However, inconsistent and mixed results were obtained 
from several studies that demonstrated few limitations in utilizing chi-
tosan as support such as poor mechanical properties, deformations after 
application, and instability in acidic solutions. Ceramic materials, on the 
other hand, displayed excellent characteristics and properties as sub-
strates for immobilization of TiO2, as well as producing high levels of 
pollutant degradation. Nevertheless, the most robust, versatile, and 

essential support for Ag-doped TiO2 remains a debate. 
The insights gained from this review have led to the identification of 

gaps that can be further explored by future studies. Firstly, studies on 
Ag/TiO2 with cellulose acetate, alginate, and ceramic materials are still 
scarce, similar to the exploration of ILs in the preparation of Ag/TiO2 
and Ag/TiO2-based photocatalysts. Although studies have shown that 
the separation of TiO2 particles from wastewater treatment can be 
achieved through immobilization of TiO2 onto support structures and 
the addition of green materials, numerous other aspects such as 

Fig. 16. SEM images of (a) pure TiO2, (b) TiO2/RTIL and (c) Ag2CO3/TiO2/RTIL, Photocatalytic degradation of AB92 by all evaluated samples under (d) UV light 
irradiation; (e) visible light irradiation; (f) Degradation rate constant of synthesized photocatalysts under UV and visible light irradiation [66]. 

Table 4 
Effect of addition of green supports on the performance of Ag/TiO2 photocatalysts.  

Type of Support Advantage(s) of support Pollutant Efficiency Efficiency/ 
Regeneration 
(cycles) 

Reference 

Plant-based support 
Cellulose-derived 

carbon beads 
1. Facilitates immobilization and 
uniform distribution of TiO2/Ag particles 
2. Provides more reactive sites 

Ceftriaxone 
sodium 

91.92% in 270 min 
under sunlight 

73.96%/5 [266] 

Cellulose 
nanofibers 

1. Provides extra mechanical strength Methylene blue 75% in 60 min under 
sunlight 

<75%/4 [267] 

Chitosan 1. Preparation of TiO2/Ag 
without any additional chemicals (such as NaBH4) or irradiation. 
2. Provides even distribution of Ag on TiO2  

Salicylic acid 20% more than pure 
TiO2 under solar 
irradiation 

N/A [61] 

83% after 8 h under 
visible light  

[63] 

o-toluidine > 95% after 2 h under 
visible light 

80%/3 

4-aminomethyl 
benzoic acid 

68% after 8 h under 
visible light 

N/A 

4-nitrophenol 100% after 120 min ~100%/5 [282] 
Sodium 
dodecylbenzene 
sulfonate 

96.4% within 180 min 
under visible light 

~96.4%/4 [283] 

Ceramic-based support 
Clay 1. Improves mechanical stability Ciprofloxacin 94.4% in 60 min under 

solar irradiation 
81.6%/30 [261] 

Bentonite 1. Bentonite support prevents anatase-rutile phase transformation Methylene blue 98.94% in 60 min N/A [301] 
Ionic Liquid 
Bmim(Cl) 1. Bmim(Cl) provides chloride ions for the formation of photosensitive 

AgCl2. Provides ligand (1‑butyl‑3-methylimidazole group) which 
stabilizes the photocatalyst 

Rhodamine B 72.97% in 120 min 
under visible light 

~70%/5 [251] 

Bmim(Br) 1. Forms microcrystalline anatase photocatalyst Methyl orange Up to 99.7% >85%/6 [288]  
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mechanism or mechanistic pathways and knowledge or understanding 
of structural bonding of Ag/TiO2 with green materials are still lacking. 
Secondly, studies should also explore the mineralization ability and 
degradation products formed from the synthesized Ag/TiO2 photo-
catalysts to ensure that no toxic products are formed during the pho-
tocatalytic treatment besides focusing on the photocatalytic efficiency of 
the Ag/TiO2 photocatalysts or composites. Another trend observed is the 
inclination of researchers towards determining the performance effi-
ciency of the synthesized photocatalysts using a single pollutant rather 
than mixed pollutants and real wastewaters. A greater emphasis on the 
performance efficiency of fabricated photocatalysts on mixed pollutants 
(e.g. dyes, heavy metals, pharmaceuticals, and pesticides) and real 
wastewaters (e.g. industrial, textiles, agriculture, and pharmaceutical) 
would be more environmentally relevant and could shed more light on 
their effectiveness and establish the links between their properties and 
photocatalytic ability. Further studies into the choice or types of ILs 
would be worthwhile, as the surface morphology of TiO2 is known to be 
affected by the types of IL used. The photocatalytic activity of the ma-
terials is also influenced by their morphological structure. Therefore, not 
only it is important to choose a suitable IL candidate which can enhance 
the photocatalytic activity of Ag/TiO2, but it is also important to weigh 
the effects of ILs possess on the environment particularly in satisfying 
green chemistry synthesis methods as some of the ILs can be toxic to the 
environment. Another main challenge lies in finding suitable green 
materials support that will enhance the capabilities of Ag/TiO2 photo-
catalyst while maintaining its properties towards green chemistry and 
remaining economically viable. Overall, we believe that Ag-doped TiO2, 
with unique optical, electrical, and structural properties, is a promising 
material in practical applications associated with wastewater treatment 
and other energy and environmental remediation. Nevertheless, further 
experimental works and efforts are required to better understand the 
nature of Ag-doped TiO2 as well as to exploit the efficient approach to 
improve its performance. 
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